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A B S T R A C T   

Primary producers nutritional content affects the entire food web. Here, changes in nutritional value associated 
with temperature rise and the occurrence of marine heat waves (MHWs) were explored in the endemic Medi-
terranean seagrass Posidonia oceanica. The variability of fatty acids (FAs) composition and carbon (C) and ni-
trogen (N) content were examined during summer 2021 from five Mediterranean sites located at the same 
latitude but under different thermal environments. The results highlighted a decrease in unsaturated FAs and C/ 
N ratio and an increase of monounsaturated FA (MUFA) and N content when a MHW occurred. By contrast, the 
leaf biochemical composition seems to be adapted to local water temperature since only few significant changes 
in MUFA were found and N and C/N had an opposite pattern compared to when a MHW occurs. The projected 
increase in temperature and frequency of MHW suggest future changes in the nutritional value and palatability of 
leaves.   

1. Introduction 

Due to the global warming, sea surface temperature (SST) has risen 
globally in the last decades (Pastor et al., 2019; Bulgin et al., 2020) and 
marine heat waves (MHWs) have increased in duration, frequency and 
intensity (Hulme, 2014; Oliver et al., 2018; Darmaraki et al., 2019). The 
SST rising and intensification of MHW events are affecting not only the 
distribution and abundance of species and therefore ecosystem functions 
(Orth et al., 2006; Ruckelshaus et al., 2011; Frölicher and Laufkötter, 
2018; Lotze et al., 2019; Smale et al., 2019; Garrabou et al., 2022), but 
also physiological and biochemical processes at the species level (Newell 
and Branch, 1980; Palumbi et al., 2019). 

Primary producers are at the base of the food chain and their 
nutritional content may affect the functionality of the entire food web 
(Malzahn et al., 2010). Changes in biochemical properties and thus 
nutritional composition of primary producers with temperature have 
been evidenced in terrestrial plants (Friend, 2010; Lin et al., 2010; 
Leisner, 2020), marine algae (Teoh et al., 2010; Brown et al., 2014; 
Lowman et al., 2021) and plankton ( Ramlee et al., 2021), indicating 
that climate alterations can also affect their palatability and can 
potentially induce a shift in the herbivory feeding preferences (Van 
Alstyne et al., 2009; Hernán et al., 2019; Zhang et al., 2019). However, 
despite all the efforts, consistent evidence about changes in the nutri-
tional value, if not for the unsaturation level of fatty acids (FA), has not 
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been gained across species, likely because biochemical responses are 
highly species-specific (Teoh et al., 2010). Seagrasses are among the 
most important coastal habitats due to the multiple ecosystem services 
they provide, including oxygen production, nutrient cycling, carbon 
sequestration, provision of nursery grounds, sediment stabilization, and 
protection from erosion (Hemminga and Duarte, 2000; Larkum et al., 
2006). The seagrass P. oceanica (L.) Delile is endemic to the Mediter-
ranean Sea and forms extended meadows widely distributed in the 
whole basin (Telesca et al., 2015). P. oceanica leaves are consumed by 
few species, such as the fish Sarpa salpa, the sea urchin Paracentrotus 
lividus and the isopod Idotea baltica which have a very variable impact on 
the plant itself (Alcoverro et al., 1997; Tomas et al., 2005; Buñuel et al., 
2021). This seagrass represents also an important source of organic 
matter thanks to its detritus (Coull, 1990), which is considered a good 
carbon (C) source and a nitrogen (N) reservoir for small pelagic and 
benthic invertebrates (Vizzini et al., 2002). 

In the Mediterranean Sea, due to its conformation and the limited 
hydrological regimes, climate change effects are more exacerbated than 
in the global ocean (Diffenbaugh et al., 2007), and a more rapid increase 
in mean SST and in the frequency and duration of MHWs is also expected 
for the near future (Giorgi and Lionello, 2008). The thermal environ-
ment induces phenological changes in P. oceanica as indicated by recent 
studies demonstrating the spatio-temporal variability (Peirano et al., 
2011; Pansini et al., 2021; Stipcich et al., 2022a) and this seagrass is 
seemly threatened by both the increasing SST and MHWs (Marbà and 
Duarte, 2010; Stipcich et al., 2022b). MHWs, depending on the intensity, 
may trigger relevant P. oceanica shoot mortality (Marbà and Duarte, 
2010) or may decrease the number of leaves per shoot and the leaf 
length and increase leaf necrosis (Stipcich et al., 2022b). MHWs in 
P. oceanica seem to induce a decrease in lipid content and increase in 
carbohydrates (Stipcich et al., 2022b), but specific changes in 
biochemical properties, especially leaf FA composition and C and N 
content, deserve further attention since they likely affect the nutritional 
values of the plant and thus they might have an influence on the trophic 
web. 

The N and C elements are key basic component of leaf cells (Lourenço 
et al., 1998; Chikaraishi et al., 2009). Under thermal stress conditions 
primary producers increase metabolic costs by increasing the respiration 
rates, leading to reductions in C content in photosynthetic tissues rela-
tive to increases in N contents (Kepkay et al., 1997; Sardans et al., 2012). 
Besides, increased nutrient concentrations in the water column can also 
drive to an increased seagrass tissue nutrient content; specifically, a 
N-enrichment in the external environment can directly affect the phys-
iology of the plant (Lee et al., 2004; Unsworth et al., 2015; Pazzaglia 
et al., 2020). Further, the ratio C/N is known to change according to the 
environmental conditions – low nutrient environments induce signifi-
cantly higher C/N (Atkinson and Smith, 1983; Duarte, 1990) – even 
though C normally shows low variability (Duarte, 1990). Global 
warming can also play an important role in the nutrient distribution by 
enhancing the eutrophication (Zhou et al., 2016). Also, the abundance of 
C and N has been reported to influence food selection by herbivores 
since their variation may change leaves palatability and may reduce 
food quality (de los Santos et al., 2012). A change in the C and N cycle 
related to increasing temperature has been already found in terrestrial 
plants (Yuan and Chen, 2015), and in seagrasses (reviewed in Beca--
Carretero et al., 2021), but to the best of our knowledge, in marine 
plants, this information under natural anomalous warming conditions is 
still lacking. Also, in P. oceanica changes in C and N leaf content have 
been described through seasons (Pirc and Wollenweber, 1988), but 
differences due to temperature throughout a whole summer period have 
never been investigated. 

Lipids are major sources of metabolic energy and essential materials 
for the formation of cell and tissue membranes (Sargent et al., 1995; 
Bergé and Barnathan, 2005). In particular, FAs are considered useful 
tracers of diets and marine trophic chain for different reasons: i) or-
ganisms are able to biosynthesize and modify chain-length depending on 

the phylogenetic group they belong: only primary producers are able to 
biosynthesize essential FAs; ii) FAs are generally not degraded during 
digestion and they are accumulated by tissues in their basic form so they 
can be traced back to specific food web origins; iii) lipids are stored in 
animal bodies in reservoirs and these reservoirs can later be mobilized to 
provide fuel for short or long-term energy demands (Pond, 1998). Thus, 
the study of FA accumulation over time in P. oceanica systems needs 
attention as it reflects the organism energy intake and storage rates 
(Parrish, 2009). Overall, the change in FAs composition in seagrasses 
due to temperature rise seems to manifest by decreases in poly-
unsaturated FAs (PUFA) and increases in saturated FAs (SFA) (Beca--
Carretero et al., 2018, 2021; Franzitta et al., 2021). Generally, the 
decrease in PUFA due to high temperature is accompanied by an in-
crease of SFA, even though the relationship between temperature and 
SFA is more variable and more species-specific than the strong rela-
tionship between temperature and PUFA (Hixson and Arts, 2016). 
Sometimes, the monounsaturated FAs (MUFA) increase with tempera-
ture rather than the SFA (Hixson and Arts, 2016). Although FA remod-
eling in seagrasses has been demonstrated in principle (Parrish, 2009; 
Beca-Carretero et al., 2018, 2020; Franzitta et al., 2021), only limited 
effort was focused on P. oceanica (Beca-Carretero et al., 2018; Stipcich 
et al., 2022c). This significant gap of knowledge needs to be filled as FA 
composition is considered not only as a good indicator of the physio-
logical status of the plant (Rabbani et al., 1998; Sanina et al., 2008; 
Beca-Carretero et al., 2018, 2022), but also a proxy of the food quality of 
the plant (Tan et al., 2022). Moreover, in marine ecosystems, some of the 
essential FAs (e.g. n-3) are synthetized mostly by primary producers and 
then they are transferred through the trophic chain by the consumers 
(Nichols, 2003; Dalsgaard et al., 2003; Twining et al., 2016). This study 
aimed to investigate whether the thermal environment affects the 
nutritional values of P. oceanica through a short-term spatio-temporal 
variability field study. The hypothesis was that high temperature and 
MHW occurrence decrease unsaturation levels in photosynthetic struc-
tures of seagrasses to optimize membrane functionality, and particularly 
lead to a reduction in essential n-3 FA. In addition, we expect decreases 
in the C/N ratio in responses to stress warming conditions since respi-
rations rates generate higher CO2 productions and therefore N contents 
increases relative to C contents. To test these hypotheses, the variability 
of FA composition and C and N content of P. oceanica leaves were 
examined during summer 2021 at five Mediterranean sites located at the 
same latitude (same photoperiod) and same depth, but under different 
thermal environments in terms of both mean temperature and MHW 
occurrence. 

2. Materials and methods 

2.1. Study sites 

In order to ensure a temperature gradient, five sites, at different 
annual and summer natural thermal conditions, were selected nearly at 
the same latitude across a wide longitudinal transect in the Mediterra-
nean Sea (between 10 and 35◦ E, centered around 35◦ N) (Fig. 1): 
Konnos Bay (C1) and Akrotiri Cape (C2) in Cyprus (south-eastern coast 
and south of Cyprus, respectively), Pigadia (KA) and Gournes (CR) in 
Greece (south-eastern coast of Karpathos, and northern Crete, respec-
tively), and Cala Pulcino (LA) in Italy (south of Lampedusa Island). All 
selected sites were far from direct anthropogenic stressors such as ur-
banization or ports. At each site, a P. oceanica meadow (always between 
400 and 700 shoots/m2 and therefore “dense” according to the classi-
fication of Giraud, 1977) on sandy bottom at approximately 10m of 
depth was haphazardly selected. 

2.2. Data collection 

During summer 2021, three or four sampling times (T1 = end of 
June, T2 = end of July, T3 = end of August and T4 = end of September) 
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about 30 days apart were considered (Table S1). On each sampling time, 
six P. oceanica orthotropic shoots per site were randomly chosen; from 
each of them, the second intermediate leaf was manually collected, 
transported to the laboratory and frozen at − 80 ◦C for 48h before freeze- 
drying. 

The daily SST of the summer 2021 period (June–September) was 
acquired for each site by Advanced Very High Resolution Radiometer 
(AVHRR) instruments aboard NOAA polar-orbiting satellites that con-
tains global, twice-daily (Day and Night), 4 km SST derived from mea-
surements captured (https://coastwatch.pfeg.noaa.gov/erddap/index. 
html, dataset ncdcOisst21Agg) (Fig. S1).Then, the average thermal 
condition during the 10 days preceding each sampling time (SS10 
temperature from hereafter), in each site, was estimated and attributed 
to a category: Low = L, Medium = M and High = H temperature (ranges 
are given in the Results section as they were a posteriori decided). 
Furthermore, all the MHWs that occurred in each site during summer 
2021 were identified following Hobday et al. (2016), using the 
heatwaveR (Schlegel and Smit, 2018) and the rerddap (Scott, 2021) 
package in R (Core Team, 2013). 

Leaf N and C (%) were determined in samples of ~7.0 mg of freeze- 
dried, finely grounded and homogenized material from each sample. 
Leaf N and C contents were analyzed by using a high temperature cat-
alytic oxidation at 900 ◦C with an elemental analyzer PerkinElmer 2400. 

To estimate the FA content and composition on P. oceanica leaves, 
the collected material was dried for 24–48 h at 40 ◦C to obtain constant 
weight, and later kept frozen at − 20 ◦C in hermetically sealed bags 
containing silica gel (see protocol in Beca-Carretero et al., 2020). Before 
analyses, biomass was grounded into a fine powder using a bead mill 
homogenizer Beadmill 4 (Fisher Scientific, USA) machine at 5 m s− 1 for 
3 min. The content and composition of FAs in leaves were determined by 

modifying a protocol previously applied in seagrass species (Beca--
Carretero et al., 2018): extraction of FAs was done using ~15 mg of 
powdered leaf material per replicate. To quantify total and individual FA 
contents, a known quantity of 0.1 mL of the saturated fatty acids (SFAs; 
15:0 in 0.4 mg mL− 1) of hexane (99%, Sigma Aldrich, catalog no. 89680) 
was added as an internal standard before starting the direct trans-
methylation. Fatty acid methyl esters (FAMEs) were obtained by direct 
transmethylation with 2 mL dry methanol containing 2% (v/v) H2SO4. 
Extraction of FAMEs was conducted at 78 ◦C for 2 h under continuous 
stirring conditions. To prevent oxidation, vials were sealed with nitro-
gen gas before heating. After transmethylation, 1 mL of Milli-Q water 
was added and later the FAMEs were extracted using 0.25 mL of 
n-hexane. Identification of FAMEs was achieved by co-chromatography 
with authentic commercially available FAME standards of fish oil 
(Menhaden Oil, catalog no. 47116; Supelco). FAMEs analysis was con-
ducted using an Agilent 7890A/5975C gas chromatography/mass se-
lective detector (GC/MSD) Series (Agilent Technologies, USA) equipped 
with a flame ionization detector and a fused silica capillary column 
(DB-WAXETR, 0.25 mm × 30 m x 0.25 μm, Agilent Technologies, 
Catalogue no.122–7332). 

2.3. Data analyses 

The C and N content and the FA composition grouped as SFA, MUFA 
and PUFA and some ratios (PUFA/SFA; MUFA/PUFA) were considered 
as variables. Based on the SS10 temperature and the presence/absence 
of MHW in each site, data gained for each sampling time were attributed 
to a temperature and MHW level, producing two datasets only partially 
overlapped. Two-way permutational analyses of variance (PERMA-
NOVA; Anderson, 2001) were run for each variable using a similarity 

Fig. 1. Location of the study sites: LA = Cala Pulcino; CR = Gournes; KA=Pigadia; C1=Konnos Bay; C2 = Akrotiri Cape.  
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matrix based on the Euclidean distance of untransformed data, testing 
the effect of SS10 temperature (L = low, M = medium, and H = high) 
and MHW (Yes and No) as fixed factors. Significant differences were 
investigated using a posteriori pair-wise tests. Then, a SIMPER test (90% 
of cut off) was run to identify the single FAs most contributing to the 
dissimilarities. Once those were identified, PERMANOVAs were run to 
test the effect of SS10 temperature and MHW (using the same models 
described above) on the FAs most contributing to the dissimilarities. 

3. Results 

3.1. Temperature conditions and MHWs 

Between the end of June until end of September, SS10 temperature in 
the five sites ranged from 23.8 ◦C to 28.9 ◦C (Fig. S1). Based on the SS10 
temperature, three categories of 1.6 ◦C SS10 temperature ranges were 
defined (23.9–25.5 ◦C as L temperature, 25.6–27.2 ◦C as M temperature 
and 27.3–28.9 ◦C as H temperature) and each sample was attribute to 
one of them (Table S1). Across the sampling times, a single MHW 
(minimum five days of temperature above the threshold before the 
sampling time) occurred in four sites (C1, C2, KA, LA), while two MHWs 
were only found in CR (Tables S1 and S2). 

3.2. Biochemical leaf content 

P. oceanica leaf elemental composition was affected by the natural 
thermal regime as the N was lower at H (1.10 ± 0.05% DW) and C/N 
was higher at H (42.16 ± 1.99) compared to M and L temperature 
(Table 1, Table S3 and Fig. 2). Opposite results were found when the 
effect of MHW was tested (Table S3). Leaf N content was higher when 
the MHW occurred (1.43 ± 0.06% DW), but C/N was higher in the 
absence of MHWs (38.11 ± 0.83% DW) (Table 1 and Fig. 3). 

A significant influence of the average SS10 temperature and MHW 
occurrence was also found on FA composition (Table 2). MUFA 
composition of P. oceanica leaves changed depending on the SS10 
temperature: it was similar in H and M temperature (7.34 ± 0.61% of 
total fatty acids, TFA and 7.01 ± 0.36% of TFA), higher than in L con-
ditions (5.68 ± 0.35% of TFA) (Table S4 and Fig. 4). The specific FAs 
which gave a higher contribution to the dissimilarities between treat-
ments were identified as n-3 PUFA α-linolenic acid (C18:3n-3), the n-6 
PUFA linolenic acid (C18:2n-6), and the SFA palmitic acid (C16:0) 
(Table 3). C18:3n-3, C18:2n-6, within all the FAs that contributed the 
most, and C18:3n-3/C16:0 and n-3/n-6 ratios changed depending on 
SS10 temperature (Table 3 and Fig. S2). 

Furthermore, MHW affected the FA composition of P. oceanica leaves 
by not only increasing the MUFA content (8.16 ± 0.39% of TFA), but 
also by decreasing PUFA content (50.57 ± 1.43% of TFA) (Table 2 and 
Fig. 5). The MUFA/PUFA ratio was also significantly affected by the 
MHW (Table 2). The SIMPER test identified the same FAs (C18:3n-3, 
C18:2n-6, C16:0) that responded to SS10 temperature: C18:3n-3 was 
higher when there was no MHW, but C18:2n-6 followed the opposite 

pattern. Nevertheless, both C18:3n-3/C16:0 and n-3/n-6 ratio increased 
with no MHW (Table 4 and Fig. S3). 

4. Discussion 

Changes in the nutritional value of P. oceanica leaves related to 
temperature and extreme events like MHWs were investigated by 
considering the C and N content and FA composition. This study, which 
was entirely carried out in the field on unmanipulated plants and tested 
natural thermal conditions, confirms trends previously observed in 
laboratory experiments (Beca-Carretero et al., 2018, 2021; Britton et al., 
2020; Franzitta et al., 2021); PUFA, and particularly n-3 PUFA, contents 
and the ratio C/N decreased, while MUFA content increased when a 
MHW occurred (Hernán et al., 2017; Pazzaglia et al., 2020). On the 
other hand, interesting results provide new evidence of a possible 
biochemical acclimation to the SS10 temperature. 

The primary producer P. oceanica plays an important role in the food 
chain by being a nutritional food source (Jiang et al., 2020), from the 
very early stage of its development (Hernán et al., 2017), and changes at 
any level (morphological, physiological, and biochemical) can cascade 
throughout the food web and affect the functioning of the whole 
ecosystem (Alcoverro et al., 1997; Duarte, 2002; Beca-Carretero et al., 
2018). An alteration in leaf nutritional value can be suggested by a 
change of N and C content and C/N ratio and in this study the sudden 
change of temperature occurring during each MHW produced higher 
values of N and lower C/N ratio; this can probably be explained by 
stressful thermal conditions increasing respiration rates, with conse-
quent release of CO2 and therefore a reduction in C relative to N contents 
in photosynthetic structures with MHW favoring the accumulation of 
leaf N for a higher production of amino acids, accompanied by a 
reduction in C availability for leaf carbohydrate production. Such trends 
were already observed in manipulative experiments on P. oceanica and 
Halophila stipulacea when multiple stressors were tested (Pazzaglia et al., 
2020; Beca-Carretero et al., 2022). However, the effects of SS10 tem-
perature in our study produced opposite patterns to those due to the 
effect of the MHW but similar to those obtained in giant kelps and 
macrophytes even though this change is highly species-specific (Viana 
et al., 2020; Lowman et al., 2021). N content was lower with the 
increased temperature while C/N ratio was higher in H temperature. 
These results may suggest an adaptation of the C and N content leaves to 
the local temperature indicating the existence of an optimal temperature 
range that can be exceeded during a MHW event when the temperature 
is changing faster and the leaves cannot adapt as fast to the new thermal 
conditions. As the quality of food (in terms of palatability) of seagrass 
can be expressed in terms of C/N ratio (Mazzella et al., 1992), the higher 
C/N ratio in P. oceanica leaves, that was found at H temperature, sug-
gests the presence of specific nutrient-balancing strategies (Pazzaglia 
et al., 2020). The change in element composition induced by the high 
temperature in our experiment, at the light of the expected SST increase 
in the future decades (Soto-Navarro et al., 2020), suggests that this 
primary producer will have a different nutritional value in the future. 
Nevertheless, it seems noteworthy to highlight that C was not affected 
either by the SS10 temperature, nor by MHW. 

Therefore, changes on FAs due to MHW and SS10 temperature dur-
ing summer can also potentially shape the herbivore and detritivore 
activity and nutrition. The outcomes of this study indicate that sharp 
increases in temperature reduce in few days the unsaturation levels of 
P. oceanica photosynthetic structures, as it was previously reported in 
other primary producers, enabling optimal membrane fluidity and 
functionality (Beca-Carretero et al., 2018, 2021; Britton et al., 2020; 
Franzitta et al., 2021). Reductions in unsaturation levels were explained 
by decreases in PUFA, and particularly reductions in n-3 PUFA 
(C18:3n-3) relative to n-6 PUFA (C18:2n-6). PUFAs can be stored in any 
organism but accumulation will change according to ambient environ-
mental conditions: their requirement in the diet will occur only if there is 
not a sufficient quantity already stored, if they cannot be produced from 

Table 1 
PERMANOVA results testing the effect of SS10 temperature (High, Medium, and 
Low) and Marine Heat Wave (MHW) occurrence (Yes and No) on C and N 
content (C, N, and C/N) of P. oceanica leaves; pairwise tests for the significant 
results. L = low; M = medium; H = high. Bold refers to significant F-values.  

PERMANOVAs Temperature MHW 

variables Pseudo-F2,99 Pseudo-F1,99 

C 0.46 0.65 
N 6.06* 15.27* 
C/N 7.90* 11.52* 

PAIR-WISE TESTS 
N L = M > H YES > NO 
C/N L = M < H YES < NO  
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Fig. 2. Boxplots depicting the effect of SS10 temperature (L = low, M = medium and H = high) on the N, C and C/N P. oceanica leaf content. C and N are expressed 
as percentage. 

Fig. 3. Boxplots depicting the effect of MHW occurrence (YES or NO) on the N, C and C/N P. oceanica leaf content. C and N are expressed as percentage.  
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other compounds, or if they cannot be replaced by other compounds 
(Parrish, 2009). Reductions in unsaturation levels were also supported 
by the reductions in the thermal biomarker C18:3n-3/C16:0, as it was 
already found in the first stages of development of P. oceanica (Stipcich 
et al., 2022c). This ratio can detect changes in unsaturation/saturation 
levels of photosynthetic structures since C18:3n-3 is the most abundant 
PUFA with the highest unsaturation level and C16:0 is the most abun-
dant SFA present in seagrasses (Parrish, 2009). The opposite pattern 
between n-3 and n-6 depends on the same enzyme used for the synthesis 
of n-3 and n-6 which, under high temperature conditions, tends to favor 
n-6 over n-3 production (Hixson and Arts, 2016; Beca-Carretero et al., 
2022). Disproportions in the n-3/n-6 can be detrimental to the immune 
response and cardiovascular health of vertebrates (Hixson and Arts, 
2016), since the n-6 is a precursor to inflammatory eicosanoids and the 
n-3 is a precursor to anti-inflammatory eicosanoids (Arts and Kohler, 
2009). 

Based on information derived from previous manipulative experi-
ments, SFA content was expected to increase with MHW occurrence 
(Beca-Carretero et al., 2018; Britton et al., 2020; Franzitta et al., 2021); 
however, in the present study we did not observe any significant change 
in SFA nor in the 16:0 FA. Usually, SFA in primary producers increases 
with increasing temperature to make the membranes more rigid, and 
thus maintaining the required fluidity and functionality (Gounaris and 

Barber, 1985; Duarte et al., 2018). The lack of SFA changes in this study 
opens several questions regarding the sensitivity of this FA group and 
whether detecting SFA changes would depend on the magnitude of 
temperature variation that happen in the field rather than in mesocosms. 
Nevertheless, the lack of a significant effect of MHWs on SFA could also 
be due to the plant material analyzed (i.e. the second leaf): a significant 
change in SFA content was in fact found between the second and the fifth 
leaf of P. oceanica shoot (Pansini et al., submitted), suggesting that the 
sensitivity of SFA to thermal changes increases with the age of the leaf. 
However, in this study we observed an increase of MUFA rather than 
SFA. MUFA may increase in cell membranes in response to temperature 
(Fuschino et al., 2011) depending on the FA composition during the time 
of temperature adaptation, which is subject to nutrient availability and 
other environmental conditions (Hixson and Arts, 2016). 

The MUFA/PUFA ratio, here tested for the first time in a seagrass, 
highlighted a significant response to thermal conditions, supporting the 
use of this ratio as a qualitative biomarker for marine trophic relation-
ship (Daza et al., 2005). Most of the MUFAs and PUFAs are structural 
lipids, forming the membranes of the cellular organelles and membranes 
of the thylakoid that change with temperature (Kumari et al., 2013), but 
many PUFAs, including n-3 PUFA, are also essential dietary constituents 
for many marine animals which cannot synthesize PUFA de novo from 
MUFA (Harwood and Moore, 1989; Parrish, 2009; Beca-Carretero et al., 
2020). Thus, it is important to consider that a large decrease in PUFA in 
P. oceanica leaves due to the temperature increase in the future, would 
reduce the nutritional value and likely bring a change in the herbivory 
preferences, affecting also their biological and physiological processes 
such as cognitive or reproductive functions (Burri et al., 2012; Kumar 
et al., 2022). 

Furthermore, an acclimation to temperature of P. oceanica leaf FAs 
composition was suggested since no significant differences were found 
in PUFA and SFA across the temperature gradient (H, M and L temper-
ature). The differences were found only in MUFA, where at M and H 
temperature, they exhibited similar values which were higher compared 
to those in L. The reported increases in MUFA after the MHW, and its 
higher values at H temperature, can be explained by the role of this 
group as precursor of PUFA (Wallis et al., 2002) and it seems the fastest 
to be converted as soon as the conditions change. 

In conclusion, the results of this study suggest that the biochemical 
composition (FAs composition and C and N content) of P. oceanica leaves 
can be expected to change with ocean warming, and such changes likely 

Table 2 
PERMANOVA results testing the effect of SS10 temperature (High, Medium, and 
Low) and Marine Heat Wave (MHW) occurrence (Yes and No) on fatty acid 
content (SFA, MUFA, PUFA, PUFA/SFA, MUFA/SFA) of P. oceanica leaves; 
pairwise tests for the significant results. L = low; M = medium; H = high. Bold 
refers to significant F-values.  

PERMANOVAs Temperature MHW 

variables Pseudo-F2,78 Pseudo-F1,78 

SFA 1.61 1.93 
MUFA 4.78* 31.67* 
PUFA 1.43 6.55* 
PUFA/SFA 1.90 3.64 
MUFA/PUFA 2.44 26.81* 

PAIR-WISE TESTS 
MUFA L < M = H YES>NO 
PUFA  YES < NO 
MUFA/PUFA  YES > NO  

Fig. 4. Boxplots depicting the effect of SS10 temperature (L = low, M = medium and H = high) on the PUFA, MUFA, SFA, MUFA/PUFA and PUFA/SFA P. oceanica 
leaf content. PUFA, MUFA and SFA are expressed as percentage. 
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modify the nutritional value of these primary producers with anticipated 
effects on the food chain. Further studies should investigate leaf epi-
phytes (here disregarded) which represent an important component of 
the nutritional quality (Alcoverro et al., 1997; Vizzini et al., 2002; 
Hernán et al., 2019) and likely palatability. Furthermore, the association 
of epiphyte community and P. oceanica leaf biochemistry should be 
investigated, as changes in leaf metabolites could correspond to changes 
in epibiota through direct or indirect mechanisms. In turn, leaf epibionts 
will also be impacted by temperature, nutrient and pH change in the 
ambient seawater, suggesting complex effects due to multiple climate 
change and local stressors. Overall, this study provides a first insight into 
the spatio-temporal variability at biochemical level in response to 
ambient temperature regimes of the most important seagrass of the 
Mediterranean Sea highlighting several remaining knowledge gaps and 
suggesting directions of future research. 
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SIMPER test results on the effect of Marine Heat Waves (Yes or No) on P. oceanica 
leaves, which have identified the most contributing FAs to dissimilarities (in 
parenthesis the percentage contribution, 90% cut off). PERMANOVA results on 
raw data in single FA content (C 16:0; C 18:2 n-6; C 18:3 n-3; C18:3 n-3/C16:0, n- 
3/n-6) of P. oceanica leaves; pairwise tests for the significant results. Bold refers 
to significant F-values.  

SIMPER test contribution of variables 
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PAIR-WISE TESTS 
C18:3 n-3 YES < NO 
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C18:3 n-3/C16:0 YES < NO 
n-3/n-6 YES < NO  
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Pérez-Lloréns, J.L., 2012. Leaf-fracture properties correlated with nutritional traits 
in nine Australian seagrass species: implications for susceptibility to herbivory. Mar. 
Ecol. Prog. Ser. 458, 89–102. 

Diffenbaugh, N.S., Pal, J.S., Giorgi, F., Gao, X., 2007. Heat stress intensification in the 
Mediterranean climate change hotspot. Geophys. Res. Lett. 34 (11). 

Duarte, C.M., 1990. Seagrass nutrient content. Marine Ecol. Progress Ser. Oldendorf. 6 
(2), 201–207. 

Duarte, C.M., 2002. The future of seagrass meadows. Environ. Conserv. 29 (2), 192–206. 
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