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Ocean warming is a major threat to marine ecosystems, especially to species
with a narrow thermal niche width and narrow biogeographic distribution, like
some habitat-forming seaweeds. Declines of marine forests have been
reported for several canopy-forming species in temperate regions, including
the Mediterranean Sea, where they are dominated by species from the order
Fucales, but most of the information on their ecology and status comes from
the western basin. Here, we studied the thermal vulnerability and metabolic
functioning of the endemic Gongolaria rayssiae located in fast-warming waters
of the Israeli Mediterranean coast. We followed seasonal changes in phenology
and ecology of G. rayssiae and its associated community during 2018-2020. Its
highest biomass, density and thallus length were documented in spring-early
summer (March-mid June). When seawater temperature exceeded 25°C, it
shed its branches until February, when re-growth normally occurred. The
thermal performance curve of G. rayssiae was determined by exposing it to
11 temperature levels in the range 15-35°C. The thermal optimum temperature
for gross oxygen production, determined from the fitted curve, was 24.5°C.
This relatively low thermal optimum suggests marked sensitivity to warming
and supports the notion that G. rayssiae is a temperate relict species in the area.
Additionally, we conducted seasonal ex-situ incubations during daytime and
nighttime and recorded the highest primary productivity in spring, when it is at
its peak of growth. In this season, its net inorganic carbon uptake was 42 + 11
pumol C g dw™ h™ ( + SD), while in its branchless form during late summer, it
decreased six-fold. Due to the fast ocean warming conditions of the area, we
hypothesize that the growth season of the species will shrink, and the species
may eventually disappear. Finally, when exposed to high temperatures in
natural and manipulative conditions, G. rayssiae exhibited a dramatic decline
in its carbon sequestration rates with important implication for the carbon
budget of the reef. This study highlights the importance of establishing a
species phenology and environmental sensitivity (and especially that of
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endemic ones) in rapidly warming ecosystems, to estimate its potential fate due to

climate change.

KEYWORDS

climate change, Mediterranean Sea, Fucales, metabolic rates, primary production,
respiration, carbon sequestration, thermal performance

Introduction

Global climate change is a major threat to marine
biodiversity (Hillebrand et al., 2012). Ocean warming triggers
the redistribution of species and is of especially high risk to
ecologically important endemic species with restricted
distributions and relatively narrow thermal tolerance ranges
(Pimm et al,, 2014; Da Silva et al., 2019; Alfonso et al., 2021).
Species with small distribution ranges face three possible future
scenarios: (1) shifting their distribution to an optimal or
sustainable thermal habitat, (2) adapting to the temperature
change, or (3) undergoing decline and possibly extinction
(Sunday et al., 2015). Macroalgae distribution, in particular, is
strongly constrained by temperature (Breeman, 1990; Ji and
Gao, 2021). However, there is a lack of knowledge on the impacts
of ocean warming on narrow range endemic macroalgae and the
consequences of their decline on the associated communities
(Alfonso et al., 2021).

Brown macroalgae like kelps and fucoids are the main
habitat-forming species on most temperate rocky shores
(Wernberg and Filbee-Dexter, 2019). Recent studies showed
they have indeed been strongly impacted by ocean warming
(Smale et al., 2015; Pessarrodona et al., 2018; Teagle and Smale,
2018; Smale et al., 2020). In the fast warming Mediterranean Sea
(Lejeusne et al., 2010), the most representative species forming
underwater forests belong to the genera Cystoseira sensu lato and
Sargassum (Ballesteros, 1992; Orellana et al., 2019). Such species
provide structurally complex habitats, sustain complex food
webs, maintain high biodiversity in coastal ecosystems
(Steneck et al,, 2002), and play a significant role in carbon
turnover and sequestration (Duarte and Cebrian, 1996).
Currently, many of these species are suffering extensive
population declines worldwide, which have been attributed to
local and global stressors in the context of global change (Mineur
et al., 2015; Piazzi et al,, 2017). Mediterranean rocky habitats,
dominated by canopy-forming algae, have been recently
classified as endangered in the European Red List of Habitats
(Gubbay et al., 2009), and a severe depletion of erect algal cover
could eventually lead to the creation of unproductive areas of
low complexity, a transition considered catastrophic (Steneck
et al., 2002; Airoldi et al., 2014).

Frontiers in Marine Science

02

Since the beginning of the 20" century, a large number of
studies have been conducted on macrophyte communities that
focused mostly on the Western Mediterranean basin (Serio et al.,
2006; Mangialajo et al., 2008a; Ballesteros et al., 2009; Cormaci
et al., 2012; Tagkin et al., 2012; Verges et al., 2014; Thibaut et al.,
2015; Mineur et al., 2015; Ivesa et al., 2016; Mancuso et al., 2018;
Valdazo et al., 2020; Medrano et al., 2020; Orlando-bonaca et al.,
2021). In contrast, information on distribution, dynamics, and
ecology of these forests in the Eastern basin and specifically in
the Levantine Sea, is scarce. This region is the warmest in the
entire Mediterranean Sea and one of the fastest warming regions
globally. Where, it has been estimated that Levantine Surface
Water have warmed at a rate of +1.2 + 0.2°C per decade during
the period 1978-2014 (Ozer et al., 2016). Therefore, it is very
likely that the responses of seaweeds to global change will occur
within a much shorter time frame in the Levantine.

In the Southeastern Levantine Coast (Israel) in particular, there
are very few habitat-forming species belonging to the Fucales order.
In this study, we focused on the endemic Gongolaria rayssiae
(Ramon) Molinari & Guiry, a species with a very narrow
distribution, that is only known, so far, from the Israeli and
Lebanese coasts (Ramon, 2000; Einav and Israel, 2008; Badreddine
et al,, 2018; Mulas et al., 2020). Preliminary work showed that G.
rayssiae, like most species of the same genus, undergoes an annual
thallus loss when the fronds break at the base (Buonomo et al., 2017;
Mulas et al., 2020). Unlike other congeneric species, the thallus loss
of G. rayssiae appears to occur in the middle/end of June (early
summer), hinting at its thermal sensitivity. In this context, ocean
warming might act as a considerable stress factor on the phenology
of this species, coupled with overgrazing pressure by invasive
rabbitfish (Rilov et al, 2018). We hypothesize that the seasonal
changes in algal phenology are primarily driven by temperature.
Information on the species thermal performance as well as
seasonality in its growth could help to predict its potential
sensitivity to future ocean warming and its annual contribution to
the potential blue carbon. Hence, to assess the thermal vulnerability
of this highly threatened endemic species to global change and to
evaluate its ecological role in terms of ecosystem functions and
services, we: (1) describe G. rayssiae’s seasonal phenology; (2)
quantify its seasonal metabolic rates and annual production; (3)
define its thermal performance pattern.
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Materials and methods
Study site and abiotic parameters

Our study area was Tel Shikmona in Haifa (32°49'29.77”N,
34°57°18.93”E) (site name ‘SK1’), where the largest known
shallow (1.5-2 meters deep) and dense G. rayssiae’s forest
exists along the Israeli Mediterranean coast (Supplementary
Figure S1). Based on the local synoptic definition of the
seasons for the Eastern Mediterranean Sea, we applied the
seasonal clustering as explained in Mulas et al. (2022). Since
the seasonal thallus loss in G. rayssiae appears to occur in the
early summer, while in other congeneric species it is known to
occur at the end of the summer season (Buonomo et al.,, 2017),
we decided to divide the summer into ‘early Summer’ and ‘mid-
Summer’ considering that in June (‘early Summer’) G. rayssiae
still has branches, while in mid-Summer (July-September) it
shifts to the branchless habitus. Temperature in the area was
monitored hourly using Onset Hobo loggers deployed at ca. Im
depth. In addition, ambient nutrient levels were obtained from
the monthly measurements of Nitrate+Nitrite (NOx) and
soluble reactive phosphate (SRP) in the study site conducted
by the national monitoring program. Finally, Global Radiation
(GR) data was collected at 20-min intervals on the rooftop of the
nearby IOLR building.

Phenological changes in density, length
and cover

To quantify seasonal patterns of this macroalga, from
January 2018 to June 2020, we marked ten 50x50cm* quadrats,
2-3 meters apart from one another and deployed in a circle. The
quadrats were visited monthly by SCUBA or snorkeling to
measure the density of thalli per m* (Reynes et al., 2021), their
individual lengths (Aberg, 1990) and to take photos for percent
cover analysis. Photoquadrats were processed in CoralNet®, a
repository and online annotation tool for benthic survey images
(Beijbom et al., 2015), which allowed us to quantify the monthly
percent cover of G. rayssiae.

Initially, we marked five individuals within each quadrat in
order to follow them throughout the years, but due to wave
action and/or human impacts such as fishing, the tags were soon
lost. We decided to continue following the quadrats and
counting the number of individuals in each quadrat to have
monthly density data for the whole of 2019 (except October due
to sea conditions). The population dynamics was described
considering the specimens spotted within the quadrats and by
measuring the maximum thallus length directly in the field with
a ruler (from the holdfast to the top of the longest branchlet)
(Medrano et al., 2020; Valdazo et al., 2020; Reynes et al., 2021).
Population size structure was defined with the characterization
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of six different size classes as follows: 1 < 5,2 =5.1-10,3 =10.1-
15, 4 = 15.1-20, 5 = 20.1-25, and 6 > 25 cm (Aberg, 1990;
Valdazo et al., 2020), separated by season and year.

Biomass-based annual
production estimation

In order to assess annual production of the seaweed, we first
performed allometric measurements. For that, during the
monitoring period (2018-2020), we collected a total of 130
specimens, in a bimonthly frequency. Each of these individuals
was photographed and the images were processed with Image]
v.2.0.0 (Schneider et al., 2012) to measure the total thallus length.
Subsequently, fresh (‘WW’) and dry (‘DW’) weights were
measured after blotting and after 48h or until weight
stabilization at 60°C, respectively.

When seaweeds grow, the increase in length is coupled with
the augmentation in width and thickness, expressed by a non-
linear relationship such as the power-scaling formula:

W =alt (1)

Where W represents the weight expressed in g, L stands for
the length expressed in cm, and a and b are constants. Non-
linear data in unit space can be transformed into linear
relationships (which are easier to handle) in a logarithmic
space, leading to a linear regression expressed by:

Log(W) = Loga + bLog(L) (2)

The two equations are thus interchangeable in the
calculation of the antilog of the intercept (10 = a), while b
remains the same (Warton et al., 2006). These results allowed us
to convert the measurements from the field into biomass and
validated it with other samples. Finally, to choose the best model
between the two, we used the minimum Akaike information
criterion (AIC) and the maximum determination coefficient
(R?), for both the allometric relationships between wet weight
and length, and dry weight and length.

To quantify the seaweed standing stock, we calculated the
annual biomass production of the studied forest. The mean
density data per m”> measured in the fixed quadrats was
multiplied by the average length recorded within the same
quadrats, then this value was converted into biomass with the
allometric equation and finally transformed into C standing
stock according to the conversion factor (0.34) introduced by
Ballesteros (1990a). The validation of the biomass obtained from
length and density was conducted on direct measurements of
biomass samples collected in 2020. Once per season, the biomass
of five random 25x25cm quadrats (this size is considered above
the minimum suggested sampling area considering the
Mediterranean littoral assemblages by Ballesteros (1992)) was
scraped off, and directly weighted in the lab according to the
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procedure previously explained. Finally, we tested which
environmental variables, including temperature, GR, NOx and
SRP explained best the length and fresh weight data.

Metabolic rates and annual production
of G. rayssiae

To measure the metabolic functionality of the seaweed,
between early summer (June) 2020 and spring (April) 2021,
each season we collected five whole specimens of G. rayssiae to
investigate the primary productivity and its role in carbon
sequestration. After collection, algae were transferred to the
outdoor water table of the IOLR and placed inside aquaria
supplied by fresh running seawater from the same site under
natural irradiance. We proceeded with the removal of epiphytic
organisms, and after a few hours of acclimation, we incubated
the algae in glass-jars with filtered seawater maintained at
constant temperature in the water table with free running
water. Prior to the incubation, each specimen was weighted
and photographed, subsequently placed in the jars (0.75 L) and
incubated for ~ 1-2 hours, at the peak of the light (11am-2pm)
and at least one hour after sunset (7pm-11pm) (the time varied
according to the sunset time) with light measurement conducted
by a LI-193 Spherical Underwater Quantum Sensor (LI-COR
Bioscience, Lincoln, USA). Irradiance in the water table was
similar to the light intensity measured at the depth from which
the specimens were collected and followed the natural
photoperiodicity (500 pmol photonsm™s™ in summer, 330
pmol photons~m'2~s'1 in fall, 300 pmol photons-m'z-s'1 in
winter and 500 pmol photons-m™.s™ in spring). In both
daytime and nighttime incubations, seawater controls (without
algae) were included.

In order to maintain a constant temperature in the
incubation jars during the incubation period, these jars were
positioned within a plastic transparent bath receiving
continuous fresh running seawater with high exchange rates.
Boundary layer effects at the beginning and end of the
incubations were avoided by stirring the water in the jar with
the oxygen probe until the readings stabilized, before recording
the measurements. Water samples for lab analysis were taken
after the oxygen measurements were recorded.

Dissolved oxygen was measured at the beginning and at the
end of each incubation with a hand-held optode WTW 3420
(DO expressed as mg/L corrected for salinity). Additionally, we
collected water samples for subsequent spectrophotometric
measurements of pH (total hydrogen scale at T = 25°C), total
alkalinity (TA) and dissolved inorganic carbon (DIC) in the lab.
Water samples were filtered through 0.45 mm syringe into 120
mL brown glass bottles with screw caps and kept refrigerated at
4°C. TA was determined by a potentiometric Gran titration of
ca. 22 mg subsamples, using a Metrohm Titrino 785 Titrameter
with a temperature corrected pH probe. The calculation of TA
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from acid volume and pH measurements used the method
described by Sass and Ben-Yaakov (1977) and calibrated using
CRMs from the Dickson Lab (Scripps Institution of
Oceanography, USA) with a precision of ~ + 2 mmol/kg (2
internal replicates per samples). The pH was measured with a
CONTROS HydroFIA® spectrophotometric thermally
controlled system by injecting a known volume of m-Cresol
purple dye to a known volume of water sample. The pH values
were determined by means of VIS absorption spectrometry at
25°C temperature and set salinity (~39). DIC values were
obtained by acidifying water with phosphoric acid (H3;PO,,
10%) using a custom automated CO, extractor and delivery
system (AERICA by MARIANDA) and high grade off N,
(99.999%) as a carrier gas connected online with a LiCor 7000
IR CO, gas analyzer calibrated using CRMs with a repeatability
of the measurements equals to 2.1 + 2 mmol/kg. To accelerate
the process, after some direct measurements, the DIC values
were extracted with the program CO2SYS2 (Robbins et al., 2010)
from TA and pH with a percentage error of + 0.3%. We assumed
that the measured changes in TA were caused by carbonate
uptake/production (precipitation/dissolution of CaCOj3)
resulting in a 2:1 (ATA/ADIC=2/1) change in DIC. Thus,
ADIC related to organic production was calculated taking into
account the change in total DIC minus the change in DIC
resulting from TA/2 uptake/production or ADICorg = ADICtot
- ATA/2. Gross primary production (GPP), respiration (R) and
net production (NP) both in terms of DO and DIC were
calculated as well as calcification/dissolution rates from the
initial and final values in each incubation jar during the day
and nighttime and then converted into diel and annual
metabolic rates (for the equations see Guy-Haim et al., 2016).
All these rates were expressed per grams of dry weight based on
the seasonal conversion factors for WW : DW (Mulas
et al., 2022).

Thermal performance curve

To determine the thermal vulnerability of the seaweed in
April 2013, an experiment was conducted to obtain the thermal
performance curve (following Angilletta, 2006), which was used
to derive the optimal temperatures for photosynthesis and
respiration of G. rayssiae. The experiment was carried out
towards the peak of its seasonal production, as observed in the
field, and therefore the algae were in healthy condition (Savva
et al., 2018). About 40 algae specimens were collected at 1m
depth from the same algal forest in Tel Shikmona, transferred to
the lab, rinsed, and cleaned from epiphytes. Out of the 40, thirty-
three marked fragments (Stachr and Wernberg, 2009; Wernberg
et al.,, 2016; Savva et al., 2018) were selected, photographed, and
weighted. Subsequently, each fragment was assigned to a 1L glass
jar that was submerged in the experimental thermobath units
(n=3 jars per unit) of an outdoor microcosm. This is a custom-
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made closed system consisting of 11 thermobath tanks where
temperature can be manipulated and independently controlled
(NOVUS N1020, + 0.4°C) (see details in Guy-Haim et al., 2016).
The average daytime irradiance level during the thermal
performance curve experiment was ca. 450 umol photons-m’
2.5, Every 36-48h we manually replaced the seawater inside the
jars with beforehand warmed or cooled seawater according to
the treatment level to reduce stress. After the acclimation time at
19°C ambient temperature for 10 days, the water temperatures in
each thermal unit were increased or decreased to the target
temperature at a rate of 2°C per day, reaching all target
temperatures within 12 days. During the experiment,
photosynthetic performances were measured through short
incubations of 1-2 hours during the daytime (at local noon)
and nighttime (one hour after sunset) by measuring dissolved
oxygen (DO) with a hand-held optode WTW 3420. The
incubations were performed 10 days after reaching the target
temperatures. The rates were normalized for biomass dry weight
and plotted against the temperatures. Thermal performance
curves for net oxygen production during the daytime (NP),
nighttime respiration (R) and daytime gross photosynthesis
(GPP=NP+R) were determined by fitting the best model out
of all the 24 biologically plausible functions describing the
relationship between temperature (T) and performance (P)
included in the rTPC’ R package (Padfield et al.,, 2021). The
best fitting model was chosen based on the lowest Akaike’s
Information Criterion (AIC). The optimal performance
temperature (Topr), the minimum (CTyqy) and the maximum
critical temperature (CTyax) were also included in the output of
the chosen model. To visualize the uncertainties and produce
confidence intervals of estimated parameters, bootstrapping
weighted non-linear least squares was applied to calculate 95%
confidence intervals (CIs) (Padfield et al., 2021).

Statistical analysis

Statistical analyses were performed with RStudio version
3.6.3 (RStudio Team, 2020) using the packages ’ggplor2’
(Wickham, 2016), ‘vegan’ (Oksanen et al., 2020) and ‘car’ (Fox
and Weisberg, 2019). The data collected in the fixed quadrats
were analyzed with One-way Repeated ANOVA for each year
and the seasons between the years. Whenever the assumptions
were violated, the analysis was performed on untransformed
data and results were considered robust if not significant at p >
0.05 or significant at p < 0.01, to compensate for the increased
probability of Type 1 error (Underwood, 1997).

A one-way ANOVA was run to test differences in seasonal
biomass and seasonal percent cover after testing for the
homogeneity of variance (Levene’s test) and normality
(Shapiro-WilK’s test).

The allometric ratio between length and dry weight was
obtained with the packages ‘smatr’ (Warton et al., 2012) and
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‘Imodel2’ (Legendre, 2001) and performed as standardized major
axis regression in R version 3.6.3 (RStudio Team, 2020).

The relative contribution of the environmental variables (T,
GR, SRP and NO,) to length and fresh weight of the seaweed was
tested using JMP Pro v. 16.1.0 (SAS Institute Inc., Cary, North
Carolina, USA) by fitting standard least squares.

Metabolic rates for the single species were investigated by
One-way ANOVA and Tukey HSD post-hoc test or by the
corresponding non-parametric Kruskal-Wallis test followed by
Dunn’s test whenever a violation of the assumptions
was detected.

Results

Phenological changes in density, length
and cover

During the field study period, the temperature varied from a
maximum of 31.3°C, recorded in summer 2018, to a minimum
of 14.5°C in winter 2019, with a general average temperature in
the peak of summer (August) and winter (February), 30.2 £ 0.1°
C and 18.3 £ 0.5°C (mean * SD), respectively (Supplementary
Figure S2; Supplementary Table S1). The highest seaweed
density was recorded from March to June (spring and early
summer) and varied between 22 + 14 to 26 * 17 individuals/m?
(+ SD), and then decreased to 6 + 5 specimens/m? (+ SD) in
January, with significant differences in terms of density between
months (One-way Repeated ANOVA, F (10, 10) = 5.55, p =
0.006, N2,= 0.85) (Figure 1A).

During the three years of the study, some of the quadrats
were not found in some of the seasonal samplings, therefore the
number of replicates (n) reported in the caption of Figure 1
ranges between 5 and 9. Along this period, we measured 499 G.
rayssiae individuals in the fixed quadrats, and the longest thallus
length (27 cm) was recorded in May 2020, during the peak of the
growth season. The class size frequency distribution showed
strong seasonality with prevalence of the small class size (mostly
cauloids) in fall and winter, and intermediate and large fully
branched classes in spring and early summer (Figure 1B,
Supplementary Figure S3). There were some inter-annual
differences within seasons but only during the branchless
seasons of winter and fall (e.g., size in winter 2020 was almost
three-fold smaller than in winter 2019 and two-fold in winter
2018). Percent cover was the lowest in fall and mid-summer
followed by winter, and highest in spring and early summer (p <
0.05). Spring and early summer cover decreased from an average
of nearly 40% in 2018 to around 10% in 2020 (Figure 1C).

When considering the 25x25cm quadrats, the highest
biomass of G. rayssiae was recorded in the early summer
(June, 266.13 + 103.86 g dw per m? ((+ SD)), while the lowest
was in fall (101.9 + 40.8 g dw per m* (+ SD); early summer vs. fall
and vs. winter F (4, 20) = 4.387, p = 0.01, Figure 2A). Percentage
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cover was the highest in spring [30 + 9.1% (+ SD)], followed by
early summer (24.5 + 11.7% ( £ SD)) and was lowest in fall (2.2 +
1.8% ( £ SD)) (H (4) = 16.604, p = 0.002, Figure 2B).

Annual production

Based on density, length and allometric relationships
between wet weight and length and between dry weight and
length (with linear regression after log-transformation), we
assessed the annual production (biomass) of G. rayssiae in the
study area. The AIC and R? identified linear models as the best
fitting in both allometric relationships (Supplementary Figure S4
and Supplementary Table S2). The calculated mean biomass
annual production was 217.2 g dw m™ y™'. When converted into
g C m? y' using the conversion factor of 0.34 (Ballesteros,
1990a), the value was 73.8 g Cm™> y! (Table 1).

The standard least squares analysis identified global
radiation (GR) as the best explanatory variable positively
correlating with the length and fresh weight of the macroalgae
(Supplementary Tables S3, S4). For length, temperature followed
GR (Supplementary Figure S5, Supplementary Table S3),
(negative correlation), while for fresh weight phosphate (SRP)
(positive) followed GR, and then temperature (negative
correlation) (Supplementary Figure S6, Supplementary
Table S4).

Metabolic rates of G. rayssiae

Seasonal ambient conditions of the seawater chemistry
during the daytime and nighttime incubations are reported in
the Supplementary Material (Supplementary Table S5). Net
photosynthetic production was the highest in spring (38.98 +
13.59 umol O, g dw'h!' (£ SD)), and the lowest in fall (3.72 +
2.22 ymol O, g dw'h' (£ SD)). Significant differences were
found between fall and spring, and early summer and spring vs.
mid-summer (H (4) = 20.82, p = 3.4e, Figure 3A). Similar
trends were obtained in net production calculated from changes
in DIC: the highest values (-42.48 + 11.50 umol C g dw' h™'

10.3389/fmars.2022.862332

(= SD)) were recorded in spring and the lowest (-7.73 £ 1.91
umol C g dw' h™' (+ SD)) in fall (F (4, 18) = 15.76, p = 1.05¢,
Figure 3B). The highest nighttime respiration rates in terms of
DO (R(poy) was recorded in spring (-5.52 + 0.81 pmol O, g dw™’
h' (+SD)), being almost five-fold the winter one (-1.50 + 0.39
umol O, g dw' h™' ( + SD)). Significant differences were
obtained between early summer vs. winter and fall, spring vs.
fall, mid-summer and winter, and winter vs. mid-summer (F
(4,19) = 46.62, p = 1.44¢”, Figure 4A). Nighttime in terms of
DIC (Repicy) showed differences between mid-summer vs.
spring and winter (F (4,19) = 6.22, p = 2.25¢7) (Figures 3A,
B). Gross primary production (GPP), measured for both DO and
DIC, was the highest in spring. GPP po, in fall was almost seven-
fold lower than in spring and ca. three times than in early
summer (H (4) = 20.71, p = 3.62¢*), while GPP(pic) was the
highest in spring, respectively almost four and three times the
rates recorded in fall and winter (F (4,17) = 11.06, p = 1.32¢).

Seasonal diel fluctuations of oxygen and carbon budgets of
G. rayssiae were evident, spring had the highest values, while fall
the lowest (561.75 + 206.29 umol O, g dw™" day ' and 33.41 +
31.58 umol O, g dw™ day™!, and -570.90 + 154.61 umol C g dw™*
day! and -119.48 + 28.33 umol C g dw™ day’ ( + SD),
respectively for O, and DIC, F (4,18) = 20.55, p = 1.63¢% F
(4,17) =15.59, p = 1.58¢; Figures 3D,E). Accordingly, when we
calculated diel oxygen and diel DIC fluctuation in spring and
were always significantly different from the other seasons
(Figures 3D,E). Annual oxygen production and carbon
sequestration rates, respectively 24.20 mmol O, g dw™ y' and
24.98 mmol C g dw' y™', reported an overall photosynthetic
quotient (PQ) of ~1. When G. rayssiae was in its frondose
habitus in spring (T (°C) = 21.94 + 2.56 ( = SD)) and early
summer (T (°C) = 27.16 + 1.06 ( = SD)).

Changes in total alkalinity (TA) between the initial and final
value for each incubation, displayed general low levels of uptake
and production, particularly during daytime when we recorded
positive differences, indicating net production of TA. During the
day, the lowest value was recorded in winter (essentially equal to
zero), significantly different from all the other seasons (F (4, 20)
= 11.64, p = 4.80). During the night, we measured net
production of TA in all seasons except for spring when net

TABLE 1 Seasonal and annual production estimation of biomass (g dw/m?) and carbon (g C/m?) and daily biomass turnover (r) estimated by the

formula by Cebrian and Ballesteros (2012).

Season Date Length DwW Density Biomass days Production r Production Carbon
cm g #ind m” g dwm? g dwm? gCm?

Winter 24.01.19 6+1 8.60 + 3.05 9+7 76.46 - - - -

Spring 21.05.19 12+ 4 16.69 + 4.88 23+ 16 388.10 56 113991 0.011 131.95

EarlySummer 11.06.19 13+£3 18.86 + 3.86 26 17 49443 21 426.36 0.010 168.11

MidSummer 13.08.19 5+2 6.78 + 2.32 13+£9 94.99 63 0.00 0.000 32.30

Fall 05.11.19 3+1 417 +1.39 77 31.90 84 0.00 0.000 0.00

ANNUAL 8+£5 11.02 + 5.80 16.00 £ 8 217.17 73.84

Errors represent the standard deviation ( + SD).
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Seasonal metabolic rates measured in laboratory daytime (orange bars) and nighttime (blue bars) incubations, and corresponding diel DO and
DIC fluxes calculated from the measured rates. (A) Measured net hourly rates of dissolved oxygen production (positive values indicate net
photosynthesis and negative values indicate respiration); (B) Measured net hourly rates of dissolved inorganic carbon (DIC) production (negative
values indicate net photosynthesis and positive values indicate respiration); (C) Measured net hourly rates of total alkalinity (TA) production; (D)
Calculated average diel rates of oxygen production; (E) Calculated average diel rates of DIC production. All the error bars represent standard
deviation (+ SD). Letters represent statistical differences between the seasons.

alkalinity uptake occurred; spring differed from all the seasons,
and early summer differed from fall (F (4,20) = 21.18,
p = 5.87¢”) (Figure 3C).

Thermal performance curve

Gross and net primary production of G. rayssiae showed a
typical quadratic distribution produced by the ‘quadratic_2008
fitting model (Montagnes et al., 2008; Padfield et al, 2021)
(Figure 4, Table 2). This model is defined as

NP, GPP=a+b - T+ c- T?

where T is the temperature (°C), a is a parameter that defines
the rate at 0 °C and b and ¢ are shape parameters without any
biological meaning. Gross (Figure 4A) and net (Figure 4B)
metabolic rates showed optimum performances respectively at
24.5 and 23.4°C inferring a higher sensitivity of G. rayssiae to
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small changes of temperature exceeding its optimum value in the
net primary productivity. Unlike photosynthesis, respiration
rates increased exponentially with warming (AIC =156.19, R*
~0.66; Figure 4C, Supplementary Figure S7). However, when we
removed the data recorded at 35°C (when necrosis was recorded
in the algae), the slight decrease of the curve resulted in 30.6°C as
optimum temperature with ‘gaussian_1987 (Lynch and
Wilfried, 1987) as the best fitting model (Supplementary
Figure S7A). The Gaussian model is defined as

R = - exp(—0.5(|T—T0pt|/a)2)

where T is the temperature (°C), 7, is the maximum rate at
optimum temperature, T, is the optimum temperature (°C)
and a is a parameter related to the full curve width.

Considering together the respiration and net primary
production data that were recorded at 35°C, we noticed a very
high increase in respiration, which we attributed to microbial
respiratory activity as G. rayssiae was already in a state of necrosis.

frontiersin.org


https://doi.org/10.3389/fmars.2022.862332
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mulas et al. 10.3389/fmars.2022.862332

A B
804 80
-
—_ b
= £
= e
3 % 3 o t
° o
2 t S
Py
404 = 401
Sy ! > o | ;
] £
5 3
3 2 o 20+
a o
7)Y LSRR I SO NN (PR SN AL S e S 'Y R K TP PR ) A [ Ry S S
15 17 19 21 23 25 27 29 31 33 35 15 17 19 21 23 25 27 29 31 33 35
Temperature (°C) Temperature (°C)
C
30
=
e
3
- .20
2 15
~
o 4 ’
© 10 +
5 ¢
5
[ + bt
0

15 17 19 21 23 25 27 29 31 33 35
Temperature (°C)
FIGURE 4
Experimental fitted thermal performance curves (TPC) of (A) gross (GPP), (B) net primary production (NP) and (C) respiration (R) along a thermal
gradient from 15 to 35°C. Blue, green and red dots represent the mean values and the grey curve represent the 95% Confidence Interval.

Therefore, in the graphical representation of the gross primary coldest temperature is the trigger for branching. Occasionally,
productivity, the value recorded at 35°C refers only to the net during the fall, when rapid cold snaps occur under unique
production without considering respiratory activity (Figure 4A). synoptic conditions shallow water temperatures can drop by as

much as 6°C and go back to normal levels shortly after the winds
subside (Zamir et al., 2018). During this rapid cooling, branching

Discussion can be trigger branching several weeks earlier (Guy-Haim,
unpublished data). Studies conducted on other Cystoseira s.l.
Phenological and ecological features species in the Western Mediterranean Sea, report similar
phenological shifts, although the branch loss is recorded only
The genus Cystoseira s.I., belonging to the order Fucales, has at the end of the summer (Feldmann, 1937; Ballesteros, 1992;
been compared to kelp forests and seagrass meadows in terms of Buonomo et al., 2017). Albeit reproductive development stage
Blue Carbon importance and as habitat-forming species data were not quantitatively investigated, qualitative
(Steneck et al., 2002). On the Levantine coast, the endemic G. observations indicated that this species starts to become fertile
rayssiae exhibits a maximum biomass, cover, density and thallus in March (Mulas personal observations) in accordance with the
length in spring/early summer. Currently, around mid-June, increasing number of individuals per m? recorded later in spring,
when seawater temperatures pass ca. 25°C, G. rayssiae rapidly which may indicate recruitment. The standard least squares
degrades and loses its branches until new ones start growing in models showed that GR was the main variable positively driving
late February/beginning of March. During this season, seawater the growth of G. rayssiae, followed by temperature (overall
temperature reaches its lowest (ca. 17-18°C), suggesting that this affecting negatively) and least was nutrients (only SRP).

TABLE 2 Parameters associated with thermal performance curve for gross primary production (GPP) and net production (NP).

Metabolic Rate TopT (OC) CTMIN (OC) CTMAX (OC)
Gross Production (GPP) 24.5 10.9 38.2
Net Production (NP) 23.4 8.53 38.7

Toprindicates the optimal temperature, CTyax the critical thermal maximum limit, CTyy the critical thermal minimum limit. These values were calculated from the fitted curves based on
their definitions according to Padfield et al. (2021).
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The annual biomass of G. rayssiae was estimated to range
between 162.4 and 216.9 g dw m™ y™' (the range between the
direct measurements and biomass-based values). The differences
between these values could be explained, considering that the
biomass-based one does not take into account the loss of
biomass due to grazing and extreme event pressures together
with resource allocation investment and exudation. Values
known from other congeneric species such as Ericaria crinita
(1230 g dw m? y’l) (Sales and Ballesteros, 2012), Ericaria
brachycarpa (previously known as Cystoseira caespitosa) (630 g
dw m™ y’l) (Ballesteros, 1990a), Ericaria mediterranea (2600 g
dwm? y’l) (Ballesteros, 1988), Ericaria zosteroides (70 g dw m?
y'!) (Ballesteros, 1990b) place G. rayssiae at the lowest range of
biomass of this group. This may be related to different
environmental adaptations to nutrient availability (G. rayssiae
grows in an ultraoligotrophic region), temperature, light
intensity, and wave action, all having a strong influence on
their growth and primary productivity (Ballesteros, 1989).
Indeed, our findings confirmed the importance of global
radiation, phosphate, and temperature as drivers of G.
rayssiae’s growth, as obtained in other studies of congeneric
species (Valdazo et al., 2020).

Metabolic rates and annual production
of G. rayssiae

G. rayssiae’s role as a potent carbon sink is highly seasonal.
During its branchless period (normally from July to February), it
shows very low production and biomass. Metabolic rate
measurements were expressed in grams of dry weight per
hour, suggesting that the perennial part is not very productive,
especially when compared to the branches, which represent the
bulk of biomass in spring/early summer. This species is non-
calcifying, therefore the apparent production and uptake of TA
might be attributed to the remains of calcareous epiphytes left on
the thalli after cleaning, as foraminifera are especially abundant
on G. rayssiae (Gruber et al., 2007). Furthermore, CaCO5; may
have deposited chemically on the surface of the algae or
intracellularly during light incubation, while during dark
incubations, CaCOj; probably dissolved due to increase levels
of CO, and reduced pH near the surface of the algae and
intracellularly. Finally, while very unlikely considering the
relatively large changes in total alkalinity, the uptake and/or
production of nitrate/ammonium could have also affected the
alkalinity in our incubations.

Conversion of direct biomass measurements to annual
carbon budget during 2020 resulted in 552 g C m™ y™', very
similar to the average net production 48.7 g C m™ y™' measured
in the jar incubations (2020-2021) and converted to surface area,
validating the effectiveness of productivity estimation on
biomass-based data.
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Thermal vulnerability

The thermal performance curves of G. rayssiae for gross and
net primary production indicated slightly different optimal
temperatures at 24.5°C and 23.4°C, respectively. These
temperatures occur during May-June (spring/early summer) in
the study area (23.4 + 3.3°C). This is also the period when we
recorded the highest biomass and photosynthetic activity. The
degree shift in the GPP from NP optimal temperature arise from
the increase of respiration with temperatures without reaching a
clear optimum (Collier et al., 2017; Pifieiro-Corbeira et al., 2018).
The respiration rates we measured exponentially increased with
the temperature as it was shown in other seaweed species
(Pifieiro-Corbeira et al., 2018; Diaz-acosta et al.,, 2021) and it
could indicate a possible shift towards heterotrophic metabolism
(Brown et al., 2004; Bennett et al., 2022b). Studies conducted on
other representatives of the order Fucales showed marked signs
of tissue necrosis at higher temperatures (Flukes et al., 2015;
Graiff et al., 2015; Urrea-Victoria et al., 2020). Similarly, the high
respiration rate we recorded at 35°C (Figure 4C) is likely to be
the result of microbial community activity associated to the
decaying seaweed, as indicated by G. rayssiae’s discoloration,
tissue necrosis and deterioration at these higher temperatures
(Supplementary Figure S8).

Calculated CTyy were 10.9°C and 8.5°C in the gross and
net production analysis, respectively, and these findings support
the notion that G. rayssiae is a temperate relict species in the area
(Orfanidis, 1991; Mulas et al., 2020) and very likely already
affected by the fast ocean warming conditions in the
study region.

Although our ecological time series is too short to show
long-term trends, Figure 1C shows signs of decline of % cover in
spring from 2018 to 2020. Considering the monthly percentage
cover with the temperature time series for the site, there was a
sharper warming trend between spring (April-May) and early
summer (June) in both 2019 and 2020 compared to 2018. This
faster warming may have reduced growth and facilitated earlier
decay in the seaweed. This suggests that the general increase of
summer temperatures plus earlier seasonal increase in warming
(both above the optimal temperature of our species), might lead
to a seasonal shift in its growth season, the shrinking of the
growth season or, in more extreme scenario, to its overall
decline. Considering the recent ‘business as usual’ (RCP 8.5)
IPCC scenario (Portner et al., 2019), the sea water temperature
will increase by 3°C (and perhaps even more in the fast-warming
Levantine basin), threatening the survival of the species as it gets
closer to its CTyiax.

Unfortunately, thermal performance curves have rarely
been developed for species of the genus Cystoseira s.l. to
allow direct comparison, and in many cases they were based
on different responses such as growth rates (Orfanidis, 1991;
Savva et al, 2018; Bennett et al,, 2022b). However, many
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ecological and a few experimental studies, conducted within
the Mediterranean Sea on several Cystoseira s.l. species,
described different maximum development periods
depending on the species, biogeographical distribution and
depth range (see Table 3). Finally, due to the limited narrow
geographical distribution, translocation studies or common
garden experiments evaluating the responses of different
populations of the species to the local thermal conditions
cannot be performed (such as Bennett et al., 2015; Bennett
etal, 2022a; Bennett et al., 2022b), limiting the investigation at
the local scale and so our conclusions.

Final remarks

Most species of Cystoseira exhibit narrow environmental
tolerance range and thus are sensitive to many stressors, making
them suitable as bioindicators in ecological status assessments (e.g.
CARLIT index) (Ballesteros et al., 2007; Mangialajo et al., 2008b).
Hence, the majority of Cystoseira s.l. are listed as protected in the
Annex I of Bern Convention and the Mediterranean Action Plan
(Barcelona Convention), except for C. compressa, which is
considered less vulnerable. Gongolaria rayssiae was proposed as a
species of concern by Verlaque in the UNEP Mediterranean Action
Plan 2009 (United Nations Environment Programme, 2009) and
then in 2019 included within Annex II (‘endangered and threatened
species’) of the Barcelona Convention (Mediterranean Action Plan
of the United Nations) (Verlaque et al., 2019), stressing the

10.3389/fmars.2022.862332

importance of its limited distribution and scant information
regarding it.

This study expands our ecological knowledge on an
endemic Mediterranean species limited to the southeastern
Levantine basin. Here we combined empirical data
obtained from metabolic rate investigations considering
seasonal variability, together with the ones resulting from
manipulative experiments applied on constant predetermined
conditions, such as the TPC experiment. Both show a strong
seasonal variability in the phenology and ecology of G. rayssiae
characterized by a narrow growth season (late February/March
to mid-June), which makes it highly vulnerable to additional
ocean warming in the already warmest and fastest-warming
part of the Mediterranean Sea. Because of the absence of
historical data, we could not determine changes in phenology
or abundance that co-vary with the fast rate of seawater
warming in the Eastern Mediterranean, which could help in
forecasting its possible fate. However, studies conducted on
other representatives of the Cystoseira s.l. group such as
Ericaria zosteroides (Capdevila et al., 2019), E. crinita
(Verdura et al., 2021), and E. giacconei (Falace et al., 2021)
reported important negative warming effects on sensitive life
stages of the species.

Interestingly, while no negative effects on the adults was
recorded on the south-Mediterranean cold-affinity E. giacconei,
Falace et al. (2021) reported disruptive effect of temperature on
its early life stage. They further reported a decrease in settlement
efficiency of the zygotes at 24°C followed by a significant drop at

TABLE 3 Maximum development period, optimal temperature, depth, and temperature distribution ranges of Mediterranean Cystoseira s.l.

species reported in the scientific literature.

Species Depth of Collection = Max growth period
(m) (month)
Cystoseira compressa 0.2-2 May-June
1-5 April-July
1-3 April-July
Ericaria brachycarpa 2-5 May-July
Ericaria crinita 0-1 May-July
Ericaria zosteroides 17-19 May-July
Gongolaria abies- 0.20 April-June
marina
Gongolaria barbata 0.2-2 March-May
0.5-2 -
Gongolaria elegans 5-15 end May-August

Gongolaria rayssiae

0.5-2

March-beg June

Topr Min-Max SST* Study area References
) Q)
22-25 8-27.5* Izola, Slovenia Falace et al., 2005
26-27 13.0-27.5 Mallorca, Spain Savva et al., 2018**
12-34*
21-22 10.8-24.4 Catalonia, Spain Bennett et al., 2022b**
15-36"
18-25 13.6-28.2% Sicily, Italy Pizzuto, 1999
18-24 13-26 Menorca, Spain Sales and Ballesteros,
2012
16-20 12.4-26.1* Tossa de Mar, Spain Ballesteros, 1990b
18-22 18.1-25* Gran Canaria, Spain Valdazo et al., 2020
10-18 8-27.5* Izola, Slovenia Falace and Bressan,
2006
15 (10- 12.4-28.1* Thessaloniki, Greece Orfanidis, 1991**
25) -1-29*
>18 12.4-23.8 North Catalan coast, Medrano et al., 2020
Spain
23-25 12.0-32.7 Tel Shikmona, Israel This study

*Whether information about the minimum and maximum temperature recorded in the study area were not specifically reported in the reference, we obtained it from https://www.
seatemperature.org/. “These ranges represent the experimental temperature ranges tested in the ex-situ experiments. ** Orfanidis (1991); Savva et al. (2018) and Bennett et al. (2022b)
studies showed experimental results conducted ex-situ. Information on the worldwide distribution is available in global algae database (https://www.algaebase.org/).
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28°C. Furthermore, the mortality of germlings sharply increased
at 18°C, and at 28°C, no germling survived. Although such
studies have not been conducted on G. rayssiae, we have
evidence that many native species have already become locally
extinct in the southeast Levantine Sea (Yeruham et al., 2015;
Rilov, 2016; Albano et al, 2021). If the same happens to G.
rayssiae, due to its limited distribution, this might become
globally extinct, and this could have repercussion on many
other associated species. To the best of our knowledge, no
endemic macroalga has gone through a global extinction yet,
but a similar rare example for an endemic habitat-forming
macroalgae in sharp decline (90% in the last 30 years) that
may face global extinction due to ocean warming is Gelidium
canariense in the Canary Islands (Alfonso et al., 2021).
Additionally, the limited narrow geographical distribution of
G. rayssiae in the Levantine basin does not allow for
comparisons among warm-, central- and cool-edge
populations (Bennett et al., 2022a; Bennett et al., 2022b), so
that adaptive management strategy including targeted
translocations cannot be applied.

Because G. rayssiae provides a habitat for a diverse
associated community and it plays an important role as a
carbon sink in the area (Peleg et al., 2020), its loss could have a
strong effect on the ecosystem functions of shallow reefs along
the SE Levantine shores. In addition to temperature,
photoperiod may also trigger crucial steps in the life cycle of
the species (Dring, 1982), and the interaction of both factors
could further narrow the seasonal interval suitable for
reproduction and growth. Furthermore, because the Levant is
being rapidly occupied by many alien species, many of which
are macroalgae, it is of paramount importance to determine if
they can compensate for some of the ecosystem functions that
may be lost with the loss of natives. Peleg et al. (2020) already
showed that a highly abundant Indo-Pacific invader,
Galaxaura rugosa, could replace some but not all functions
of G. rayssiae. Hence, further investigations should aim at
filling the gaps regarding reproductive patterns, recruitment
and the role of different environmental variables (besides
temperature) in affecting the spatio-temporal dynamics of the
endemic G. rayssiae. In addition, studies involving lab
cultivation as well as in-situ restoration projects should
be encouraged as a tool of paramount importance to
understand the past and ensure the future of this peculiar
Levantine species.
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