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Abstract: Posidonia oceanica (L.) Delile meadows are recognized to be one of the most productive
ecosystems of the Mediterranean basin. Due to the impacts of human activities in coastal areas,
seagrasses are experiencing a critical decline. In this context, the understanding of the dynamics
of production and photosynthesis in response to the environmental factors is essential to address
efficient conservation strategies that limit this trend and to assess the ecological status of marine
ecosystems. Pulse Amplitude Modulated (PAM) fluorometry has been widely implemented to assess
seagrass health and productivity. Here we analyzed the photosynthetic dynamics of P. oceanica
according to its bathymetric distribution and daily light availability along a depth gradient to be used
as baseline for monitoring purposes on the health status of the seagrass meadows in the Northern
Tyrrhenian Sea. Moreover, to investigate the effects of the environmental factors on the health status
of P. oceanica within the study area through a multidisciplinary approach, the models contained in
the Civitavecchia Coastal Environmental Monitoring System were used. In this study, significant
photo-physiological changes have been observed among the investigated meadows. Moreover, the
integration of physiological and hydrodynamic information allowed the description of how P. oceanica
modulates its photosynthetic capacity at different environmental conditions.

Keywords: Posidonia oceanica; PAM fluorometry; photoacclimation; photosynthetic parameters;
hydrodynamic models

1. Introduction

Seagrasses are among the most productive marine ecosystems, sequestering and
storing a significant amount of blue carbon in their rich organic sediments and in their
living and non-living biomass. The Blue Carbon Initiative, coordinated by Conservation
International (CI), the International Union for Conservation of Nature (IUCN), and the
Intergovernmental Oceanographic Commission of the United Nations Educational, Sci-
entific, and Cultural Organization (IOC-UNESCO) strongly promotes the restoration and
sustainable use of these ecosystems as “Nature-based Solutions”, estimating to provide
37% of climate change mitigation needed to meet the goal of keeping climate warming
below 2 ◦C [1]. In recent decades, seagrass ecosystems have been widely recognized as
good bioindicators of coastal ecosystems status [2], due to their wide distribution along the
Mediterranean coasts [3], their high susceptibility to changing environmental conditions [4],
their sensibility to direct and indirect anthropogenic pressures [5] and, finally, the large
amount of knowledge of the biology and ecology of this species [6]. In the framework of
the European environmental policy, P. oceanica is one of the main targets of protection and
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management of the Mediterranean marine environment, being included among the priority
habitats (Habitat 1120*: P. oceanica beds—Posidonion oceanicae) of the Habitat Directive
92/43/CEE [7] and receiving a dedicated Action Plan under the “Specially Protected Areas
and Biological Diversity Protocol” of the Barcelona Convention, SPA/BD Protocol [8].
Moreover, each member state has defined its own method and monitoring program in
accordance with the Annex V of the Water Framework Directive 2000/60/EC [9], where
Angiosperms are listed as one of the Biological Quality Elements [10]. Finally, within the
Marine Strategy Framework Directive MFSD 2008/56/EC [11], the evaluation of the eco-
logical integrity of meadows is fundamental for the assessment of the Good Environmental
Status (GES) of benthic habitats within Descriptor 1 “Biodiversity”.

In recent years, human development in coastal areas has caused a significant shift in ecosys-
tem dynamics and a critical decline of seagrass ecosystems has been noted [12,13]. Several
studies have reported an alarming reduction of P. oceanica, especially in the north-western
side of the Mediterranean Sea [14–16]. Establishing the causal relationships between pres-
sure factors and the observed reduction in ecosystem quality is difficult [17] but a big effort
has been made in the latest years to deepen the knowledge of such complex ecological
processes. In details, many authors have demonstrated that local hydrodynamic conditions
strongly influence P.oceanica distribution, production and fate [18,19], although further
research is necessary to get a deeper insight on its quantification [20]. Intense sediment
dynamics involving excessive burial or erosion have also been identified as widespread
causes of loss [21,22]. Moreover, light reduction caused by increased turbidity or in combi-
nation with other side effects of human activities, has been identified as one of the main
causes of seagrass decline [12,23–27]. In fact, in reduced light environments, the high respi-
ratory demand of the massive belowground biomass of P. oceanica may cause physiological
stress [28] and affect its photosynthesis and productivity [29]. Therefore, the estimation
of primary production capacity requires a deep knowledge of the relationship between
photosynthetic efficiency and the environmental factors that may regulate it [30,31].

Pulse Amplitude Modulated (PAM) fluorometry has been widely used for assess-
ing seagrass health and productivity, allowing the detection of plant exposure to stress
before morphological or density-based changes are evident [32]. Several studies have
implemented the application of chlorophyll a fluorescence to identify photo-physiological
changes in seagrasses [33], particularly in response to contaminants and herbicides [34–42],
light reduction [29,43–48], high salinity stress [49] or heat waves [50], being increasingly
included in monitoring programs as it is a reliable technique, adequately sensitive to
varying environmental conditions [34,51]. In particular, it allows insight into the plant
photosynthetic response through the analysis of the fluorometric and derived photosyn-
thetic parameters. Among the fluorometric parameters, the maximum quantum yield of
PSII, calculated as the ratio between the increase in fluorescence (Fv = Fm −Fo) and the
maximum fluorescence (Fm), under dark-adapted conditions [52] is considered to be a
useful indicator of photo-adaptation, giving information on the maximum photosynthetic
efficiency that can potentially be reached by the plants when growing at optimal conditions:
Fo, the initial fluorescence, is generally stable for a healthy plant but can increase with
photodamage; Fm is more sensitive, decreasing under stress conditions (salt stress, high
or low temperature, presence of toxicants, elevated light) [53]. On the contrary, Rapid
Light Curves (RLCs) provide information on the immediate physiological state of a plant
tissue [53], determining the effective photochemical quantum yield of PSII (Y(II)), and
electron transport rate (ETR, µmol photons m−2 s−1) at increasing irradiance values. RLCs
derived parameters, ETRmax (maximum electron transport rate, µmol photons m−2 s−1), α
(photosynthetic rate in light limited region of RLC, electrons/photons), and Ek (minimum
saturating irradiance, µmol photons m−2 s−1) complete the description of the photoac-
climative condition, attaining anexhaustive frame of the seagrass physiological state in
response to light availability.

The cost-effective Junior-PAM fluorometer (Heinz Walz GmbH, 2007) has been commonly
used for terrestrial and submerged macrophytes [54–57], macro- and microalgae [58–60] and
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for seagrasses under controlled conditions [61–64]. In this study, we use the Junior-PAM to
assess the photosynthetic response of P. oceanica according to its bathymetric distribution
and the daily light availability along a Northern Tyrrhenian coast (Latium, Italy). Given
theinfluenceof site-specific hydrodynamic conditions and morphological featureson light
availability for seagrass photosynthesis, PAM fluorometry dataset was compared with the
effects of the wave action on the bottom (WA), the burial rate of the fine sediment (BR) and
the light attenuation (LA), estimated using the C-CEMS numerical models [65] as well as
with the description of the morphological traits of the investigated meadows. Finally, this
work contributes to define a baseline dataset useful to address monitoring activities of the
P.oceanica photosynthetic dynamics in relation to light availability for the evaluation of its
health status, remarking the importance of the adoption of a multidisciplinary approach
that integrates in situ observations with mathematical models.

2. Materials and Methods

The study area is in the northern Latium coast (Tyrrhenian Sea, Italy). Samples were
collected by scuba diving in three different sites of P. oceanica meadows, designated as
POS-1m (42.05005◦ N, 11.81961◦ E), POS-5m (42.04995◦ N, 11.81781◦ E) and POS-10m
(42.04983◦ N, 11.81605◦ E), at 1, 5 and 10 m depth, respectively. These sites are situated
inside the Site of Community Importance (SCI) SCI IT6000006 (Figure 1).

Figure 1. The study area with a zoom on the sampling stations: POS-1m (black cross), POS-5m (red
cross) and POS-10m (blue cross), at 1, 5 and 10 m depth, respectively.

The coastal morphology is characterized by the presence of rocky terraces and natural
depressions covered by sediments. The area is also crossed by minor streams that originate
from the nearby Tolfa Mountains, whose promontory determines the coastal morphotype.
The coastal line is influenced by the presence of littoral currents, which are mainly directed
from south to north, following the coastal local dynamics determined by the diversified sea
bottom [66]. Additionally, the area is characterized by moderate to high wave conditions,
with seasonal oscillation of wave intensity, with maximum values in autumn and winter
(1.5–3 m) and minimum in summer (0.5–1.5 m) [67]. In this area, P. oceanica meadows
have a discontinuous distribution, reflecting the heterogeneity of the local environments
and the presence of multiple human activities [68]. The meadow’s substrate coverage
is medium-low, partly due to the geo-morphological variability of the sea bottom and
to water turbidity, accentuated by the presence of several ditches along the coast and by



Geosciences 2021, 11, 202 4 of 18

the touristic and recreational activities typical of this area, especially during the summer
period. Moreover, the presence of the Civitavecchia harbor and the related commercial
traffic and cruise passenger, contribute to reduce the transparency of water [69].

2.1. Analysis of Local Hydrodynamic Conditions

In this study, wave action on the bottom (WA), burial rate of the fine sediment (BR)
and light attenuation (LT) were considered to be the main abiotic parameters that have an
influence on light availability thus affecting the health status of P.oceanica in the study area.
They were investigated by using the numerical models included in DELFT3D package that
enable the analysis of coastal processes at high spatial and temporal resolution. Specifically,
we used the SWAN model [70] to obtain wave orbital velocity near bottom and DELFT3D-
WAQ to calculate sedimentation rate and light attenuation coefficient due to the fine
sediment fraction (silt and clay). The setup of both the models is reported in detail in [65],
within the description of the Civitavecchia Coastal Environment Monitoring System (C-
CEMS) applications. In the study area the model resolution is about 30 m thus allowing
proper analysis of the temporal variation of the environmental factors in the three sample
sites. To characterize thehydrodynamic conditions of the investigated area, the percentage
of the exceeding of specific threshold limits (Percentage Exceeding Threshold, PET) were
calculated by using a numerical simulation reproducing weather and wave conditions
occurring during a representative year. In detail, we consider the limits reported in [71] for
wave orbital velocity near the bottom, in [72] for burial rate of the fine sediment fraction
and in [12] for light attenuation coefficient.

2.2. Sampling Strategy

To test and optimize an operative protocol for the application of the Junior-PAM
fluorometer (© Heinz Walz GmbH, 2007) to P. oceanica, the preliminary survey POSI-
Jun, was arranged on 7th June 2018. A meteorological station was assembled in the
proximity of the same area to register incident Photosynthetic Active Radiation (PAR)
values simultaneously to the sampling operations. Shoots were collected from two stations,
POS-1m and POS-5m, at 1 and 5 m depth (sites = 2, replicate shoots = 3, total n = 6) in
the morning between 9:00 and 11:00 a.m. (UTC), during the period of maximum daily
irradiance. Once removed, samples were stored into isothermal containers with seawater,
kept away from light sources and directly analyzed in situ. A second campaign, POSI-Aug
was conducted on 9th, 10th, and13thAugust 2018, during which besides the shallower
stations POS-1m and POS-5m, a third and deeper station at 10 m depth (POS-10m) was
sampled. To describe the photosynthetic response as a function of the daily light availability,
shoots were collected at three different times during the same day (8:00, 11:00 and 14:00
UTC) per each sampling site (sites = 3, replicate shoots = 3, sampling times = 3, total n = 27).
Hence, each of the three-sampling day was dedicated to one station, considering that the
weather conditions were similar. In this occasion, samples were immediately transferred to
the laboratory, located at 10 min away from the study area, to execute all the measurements
in more controlled conditions. Incident PAR was registered by the meteorological station of
the C-CEMS [67], while a Quantum Li-Cor U.W sensor was positioned inside the meadow
at canopy height to measure underwater PAR.

2.3. PAM Fluorometry

To perform the photosynthetic measurements, the first two intermediate leaves [73] of
each shoot were selected, after gently scraping off epiphytes with a razor blade. All the
selected leaves were dark-acclimatedfor at least 15 min, to allow all the reaction centers to
be completely open [43]. After that, each leaf was positioned inside the magnetic clip at
4 cm from meristem [44] and kept inside a dark box.

Through the Saturating Pulse Analysis (SPA), Fo and Fm were measured before and
after a saturating irradiance pulse, respectively, allowing the calculation ofFv/Fm, which
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estimates the fraction of absorbed quanta used for PSII photochemistryunder dark-adapted
conditions [52]. as:

ETR = PAR × ETRfactor × 0.5 × Y(II) (1)

Through RLC analysis, samples were exposed to increasing intensities of actinic
illumination (0–1500 µmol photons m−2 s−1). During each RLC essay,Y(II), which estimates
the photochemical use of excitation energy in the light and calculated as the ratio between
the increase in fluorescence (∆F = Fm’ − F) and the maximum fluorescence (Fm’) under
light-exposed conditions [74], and ETR (µmol photons m−2 s−1) were calculated. ETRmax,
α, Ek, were calculated by plotting ETR versus PAR and fitting an exponential-saturated
function [75] to the RLCs dataset, by using the Grapher8 software.

During POSI-Jun, both type of fluorometric analysis were repeated twice on each leaf
(sites = 2, replicate shoots = 3, total leaves = 11). Since the duration of the full cycle analysis
(20 min) involved a significant statistical variability between the repeated measures, during
POSI-Aug they were reduced to one single repetition on each replicate (sites = 3, replicate
shoots = 3, total leaves = 54).

2.4. Morphometric Analysis

Once the fluorometric analyses is complete, morphological and biometric characteris-
tics of the examined leaves, as well as the belonging shoots, were measured according to the
standard protocol reported in [76] (POSI-Jun: total shoots = 6, total leaves = 38; POSI-Aug:
total shoots = 27, total leaves = 197). Parameters were then averaged by sampling site,
shoot, and age, defined according to [77] scheme, as “intermediate” and “adult” leaves.

2.5. Pigments Content

For each treated leaf, a segment of 1 cm2 from the leaf portion inside the magnetic
leaf, was cut, placed in 3 mL of 100% acetone and stored in a dark refrigerator at −20 ◦C
until laboratory analysis (POSI-Jun: total n = 16; POSI-Aug: total n = 56). Pigments were
extracted and measured spectrophotometrically (Shimadzu UVmini-1240) as described
by [78]. Concentration of chlorophyll a+b was calculated according to [79]. Concentration
of total carotenoids were calculated according to [80], considering a spectrophotometer
resolution of 1 nm.

2.6. Statistical Analysis

Morphological and photosynthetic parameters were statistically analyzed by using
PAST3, through the Analysis of Variance (ANOVA). This test was employed to identify the
potential variability between the sites, as function of depth and time of sampling.

3. Results
3.1. Assessment of the Environmental Conditions
3.1.1. Abiotic Factors

The use of the C-CEMS numerical models [65] allowed the analysis of the main factors
that affect the health status of P.oceanica in the investigated area (Figure 2). The results show
that the station POS-1m is characterized by the highest values of WA (0.05 ± 0.21 Kg s−1m−2)
with a maximum PET of 2.59%, identifying a high hydrodynamic condition, considerably
variable during the simulated year. As expected, WA values decrease in the two deeper
stations, attaining PET values of 0.39% and 0.07% in correspondence of POS-5m and
POS-10m, respectively. BR factor presents the highest values at the mid-depth station
POS-5m (40.9 ± 173.3 g m−2 d−1; PET = 1.16%), followed by the deepest station POS-10m
(32.2 ± 91.6 g m−2 d−1; PET = 0.71%), consistent with a minimum impact at the shallowest
one POS-1m (PET = 0.34%), where the high hydrodynamic energy on the bottom limits
the occurrence of sedimentation processes. Concerning LA, a depth-dependent gradient
is observed, with maximum PET values at POS-10m due to the highest water column
light attenuation (PET = 6.64%), diminishing to 3.23% at POS-5m, and being equal to 0
at POS-1m.
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Figure 2. Results and relative deviation standards (black histograms) of C-CEMS numerical mod-
els for the annual analysis of wave action on the bottom (WA), burial rate of the fine sediment
(BR) and light attenuation (LA) in the three stations. The Percentages of Exceeding Thresholds
(dottedhistograms) are reported in correspondence of each station.

3.1.2. Biotic Factors
Morphological Traits

In POSI-Jun all morphometric parameters increased with depth being higher in the
deepest station POS-5m, except the brown tissue length of adult leaves, which was greater
in the shallower station POS-10m (Table 1).

Table 1. Morphometric parameters of P. oceanica sampled during POSI-Jun at two sites, POS-1m and POS-5m, respectively.
Parameters are classified as [77] and shown as representative for each site.

POSI-Jun

Site ANOVA

Type of Leaf Parameters Units
POS-1m POS-5m p

Mean (±) SD Mean (±) SD

Intermediate

width cm 0.726 0.025 0.906 0.056 <0.001

leaf blade length cm 23.5 6.9 35.8 15.4 ns

green tissue length cm 23.3 6.7 35.3 15.1 ns

brown tissue length cm 0.200 0.447 0.500 0.769 ns

n. of leaves shoot−1 1.67 0.58 2.67 0.58 ns

total leaf area cm2 shoot−1 28.4 - 88.3 -

green leaf area cm2 shoot−1 28.1 - 87.1 -

photosynthetic tissue % 99.1 - 98.6 -
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Table 1. Cont.

POSI-Jun

Site ANOVA

Type of Leaf Parameters Units
POS-1m POS-5m p

Mean (±) SD Mean (±) SD

Adult

width cm 0.721 0.039 0.963 0.048 <0.001

leaf blade length cm 19.5 10.2 20.1 11.6 ns

leaf base length cm 2.24 0.32 2.74 0.76 ns

total leaf length cm 21.7 10.1 22.9 11.2 ns

green tissue length cm 16.8 8.7 20.1 11.6 ns

brown tissue length cm 2.73 4.6 0.058 0.151 ns

n. of leaves shoot−1 2.33 0.58 4.00 0.00

total leaf area cm2 shoot−1 32.5 - 77.6 -

green leaf area cm2 shoot−1 28.0 - 77.3 -

photosynthetic tissue % 86.2 - 99.7 -

Site

n. of leaves shoot−1 4.67 0.58 8.00 0.00 ns
total leaf area cm2 shoot−1 60.9 - 166 - ns
green leaf area cm2 shoot−1 56.2 - 164 -

photosynthetic tissue % 92.2 - 99.0 -

By comparing the two stations, ANOVA results show significantly difference for the
leaf width, both for intermediate (p < 0.001) and adult ones (p < 0.001), as well as for the
brown tissue length of adult leaves (p < 0.05). Within each station, the intermediate leaves
present higher values of leaf blade length, green tissue length, and green tissue area, even
though the number of adult leaves per shoot is higher than the intermediate ones. By
considering all the leaves per station ignoring their age, the percentage of photosynthetic
tissue is higher in POS-5m compared to POS-1m (99% and 92.2% respectively). As observed
in POSI-Jun, in POSI-Aug the morphometric parameters are higher at 5 m depth station
and do not increase with depth (Table 2): the total leaf area per shoot, the green leaf area
per shoot and the percentage of photosynthetic tissue are greater in POS-5m, even though
the number of leaves per shoot is higher in POS-10m. Differently from POSI-Jun, adult
leaves present higher morphometric values than the intermediate ones. Finally, ANOVA
results suggest a high variability between the sites and leaves for all parameters (generally
p < 0.001) except for the brown tissue length (p > 0.05). Density measurements at meadow
level available from a previous survey conducted in 2017 [81] show higher values at
POS-10m (206.3 ± 68.8 shoot m−2) and minimum ones at POS-1m (82.6 ± 37.3 shoot m−2).

Table 2. Morphometric parameters of P. oceanica sampled during POSI-Aug at three stations, POS-1m, POS-5m andPOS-10m,
at 1,5, and 10 m depth, respectively. Parameters are classified as [77] and shown as representative for each site. * Density is
referred to August 2017.

POSI-Aug

Site ANOVA

Type of Leaf Parameters Units
POS-1m POS-5m POS-10m p

Mean (±) SD Mean (±) SD Mean (±) SD

Intermediate

width cm 0.771 0.071 0.917 0.090 0.939 0.058 <0.001

leaf blade length cm 11.5 8.1 30.8 22.3 20.4 12.3 <0.01

green tissue length cm 11.0 7.3 30.8 22.3 20.4 12.3 <0.01
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Table 2. Cont.

POSI-Aug

Site ANOVA

Type of Leaf Parameters Units
POS-1m POS-5m POS-10m p

Mean (±) SD Mean (±) SD Mean (±) SD

brown tissue length cm 0.494 2.04 0.000 0.000 0.00 0.00 ns

n. of leaves shoot−1 1.89 0.60 2.56 1.01 2.56 1.24

total leaf area cm2

shoot−1 16.9 - 73.7 - 49.1 -

green leaf area cm2

shoot−1 16.2 - 73.7 - 49.1 -

photosynthetic tissue % 95.9 - 100 - 100 -

Adult

width cm 0.763 0.087 0.931 0.079 0.910 0.048 <0.001

leaf blade length cm 19.3 6.2 57.2 22.2 48.6 20.0 <0.001

leaf base length cm 2.08 0.55 3.72 0.66 3.84 0.81 <0.001

total leaf length cm 21.3 6.5 60.9 22.2 52.4 20.3 <0.001

green tissue length cm 16.4 5.2 52.7 20.2 46.0 21.4 <0.001

brown tissue length cm 2.86 2.88 4.49 8.43 2.54 8.24 ns

n. of leaves shoot−1 1.89 0.60 3.56 2.07 4.89 1.45

total leaf area cm2

shoot−1 16.9 - 551 - 216 -

green leaf area cm2

shoot−1 16.2 - 535 - 205 -

photosynthetic tissue % 95.9 - 97.1 - 94.8 -

Site

n. of leaves shoot−1 6.89 1.17 6.78 2.73 8.22 3.60 <0.001

total leaf area cm2

shoot−1 89.5 - 625 - 268 - ns

green leaf area cm2

shoot−1 59.0 - 609 - 254 -

photosynthetic tissue % 65.9 - 97.4 - 94.9 -

* Density shoot m−2 82.6 37.3− 350.7 92.6− 206.3 68.8

Pigments Content

POSI-Jun results (Table 3) show higher values of pigment concentrations in the deepest
station, POS-5m, even if no significant difference was observed between the two investi-
gated sites (p > 0.1). The same results have been obtained in POSI-Aug, with mean values
higher in POS-5m for all types of photosynthetic pigments, except for the total carotenoids,
which are higher in POS-1m. As occurred in POSI-Jun, no significant difference was ob-
served between the sites (p > 0.1). By comparing the results of the two campaigns, the
concentrations of all pigments decrease from June to August 2018.

3.2. Photo-Physiological Characterization
3.2.1. Light Conditions

During POSI-Jun (Figure 3A), incident PAR fluctuated between 1000 and 2000 µmol
photons m−2 s−1 from 9:00 to 10:00 UTC. After this period, a rapid reduction of PAR
intensity was recorded due to the high cloud coverage until 11:00 UTC, when the maximum
peak of 2333 µmol photons m−2 s−1has been registered.
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Table 3. Concentration of chlorophyll a (Chl a), chlorophyll b (Chl b), chlorophyll a+b (Chla+b) and total carotenoids
(Cx+c) (µg cm−2) of P. oceanica, sampled during the campaigns POSI-Jun and POSI-Aug at three sites, POS-1m, POS-5m,
andPOS-10m, during three different times (8:00,11:00 and 14:00 UTC).

Campaign Site Sampling Time (UTC)

Parameters

Chl a Chl b Chl a + b Cx+c

Mean (±) SD Mean (±) SD Mean (±) SD Mean (±) SD

POSI-Jun
POS-1m 1.54 0.47 0.57 0.16 2.16 0.64 0.44 0.10

POS-5m 1.80 0.51 0.68 0.21 2.53 0.74 0.57 0.11

POSI-Aug

POS-1m

Entire dataset 1.07 0.48 0.40 0.21 1.68 0.80 0.40 0.19

8:00 1.16 0.37 0.48 0.18 1.70 0.54 0.37 0.15

11:00 0.83 0.19 0.29 0.18 1.37 0.35 0.38 0.14

14:00 1.42 0.98 0.51 0.30 2.29 1.75 0.50 0.40

POS-5m

Entire dataset 1.17 0.52 0.42 0.23 1.78 0.72 0.36 0.13

8:00 0.86 0.35 0.31 0.16 1.38 0.67 0.27 0.10

11:00 0.96 0.21 0.27 0.25 1.74 0.24 0.37 0.01

14:00 1.44 0.60 0.54 0.23 2.02 0.86 0.41 0.16

POS-10m

Entire dataset 1.02 0.17 0.42 0.08 1.53 0.24 0.27 0.09

8:00 1.14 0.22 0.45 0.14 1.72 0.30 0.35 0.08

11:00 0.87 0.12 0.41 0.4 1.34 0.19 0.17 0.05

14:00 1.03 0.01 0.41 0.05 1.53 0.04 0.29 0.03

Figure 3. PAR (Photosynthetic Active Radiation, µmol photons m−2 s−1) registered at POS-1m
(black), POS-5m (red) and POS-10m (blue) during (A) POSI-Jun conducted on 7 June 2018 and
(B) POSI-Aug on 9, 10 and 13 August 2018. Continuous lines represent the incident PAR time series,
while histograms represent the percentage of incident PAR measured at canopy height.
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After 11:00 UTC, a progressive decreasing trend to the minimum value of 153 µmol
photons m−2 s−1 was observed in correspondence to an intense atmospheric precipitation
event. In POSI-Jun (Figure 3B), the typical trend of the incident PAR was observed, with
a progressive increase of light availability from 8:00 to 10:00 UTC, reaching a maximum
peak of about 1700 µmol photons m−2 s−1at 11:00 UTC. The percentage of incident PAR
measured at canopy height reached the maximum values atPOS-1mwith decreasing values
from 8:00 (20%) to 14:00 (11.5%). Also, at the -5m station, maximum values of % of incident
PAR were registered at 8:00 (12%) with a minimum of 8% at 14:00 The lowest values were
recorded at the deepest station (POS-10m), with a constant value of 2% of PAR.

3.2.2. PAM Fluorometry

The Fv/Fm values obtained from SPA analysis and reported in Table 4 did not vary
significantly between the two sites during POSI-Jun (ANOVA p > 0.05). Conversely, in
POSI-Aug a significant differenceof the same parameter was observed considering the
whole dataset (ANOVA p < 0.05). In detail, such difference was attributed to the statistical
variability obtained within data sampled at 11:00 (ANOVA p < 0.001), with significant
differences demonstrated by ANOVA post hoc (p < 0.05) between the stations located
at 1 and 5 m with the deepest one. A significant difference was observed for the ETR
values between the stations in both the campaigns (ANOVA p < 0.001). In particular,
ANOVA post hoc results showed significant differences between POS-1m and POS-5m at
8:00; significant pairwise differences between all the three stations at 11:00; no significant
differences between POS-1m and POS-10m at 14:00.

Table 4. Photosynthetic parameters of P. oceanica sampled at POS-1m, POS-5m, and POS-10m during POSI-Jun and POSI-
Aug campaigns. * ANOVA p < 0.05; ** ANOVA p < 0.01; *** ANOVA p < 0.001. a: ANOVA post hoc POS-1m-POS10m;
POS-5m-POS-10m; b: ANOVA post hoc POS-1m-POS-5m; c: ANOVA post hoc POS-1m-POS-10m; POS0-5m-POS-10m;
POS-1m-POS-5m; d: ANOVA post hoc POS-1m-POS-5m; POS-5m-POS-10m.

Campaign Site
Sampling Time Fv/Fm ETR ETRmax α Ek N

UTC Mean (±) SD Mean (±) SD

POSI-Jun
POS-1m 9:00 0.633 0.067 10.8 *** 2.2 12.8 0.217 58.8 65

POS-5m 11:00 0.673 0.034 14.1 *** 2.0 15.6 0.259 60.2 59

POSI-Aug

POS-1m

Entire dataset 0.715 * 0.025 7.49 *** 1.4 - - - -
8:00 0.706 0.026 7.39 **b 1.63 10.3 ** 0.162 63.5 64
11:00 0.726 ***a 0.024 7.31 ***c 1.05 9.29 0.234 39.7 59
14:00 0.713 0.021 7.84 ***d 1.53 11.3 0.187 60.4 62

POS-5m

Entire dataset 0.722 * 0.027 11.2 *** 1.9 - - - -
8:00 0.720 0.031 11.0 **b 2.5 12.8 0.234 54.6 65
11:00 0.728 ***a 0.026 12.0 ***c 1.5 16.3 0.260 62.7 62
14:00 0.719 0.025 10.6 ***d 1.4 13.2 0.282 46.9 65

POS-10m

Entire dataset 0.698 * 0.076 6.97 *** 2.93 - - - -
8:00 0.725 0.020 9.42 ** 0.9 11.2 0.237 47.0 65
11:00 0.640 ***a 0.108 3.84 ***c 2.24 5.31 0.126 42.1 65
14:00 0.729 0.019 7.66 ***d 1.96 10.0 0.193 51.9 65

The RLCs results obtained during POSI-Jun showed higher values of both Y(II) and
ETR curves in POS-5m than in POS-1m (Figure 4), with a significant difference observed
for the ETR parameter (ANOVA p < 0.01). The same trend was attained in POSI-Aug
(Figure 5), with maximum values of both Y(II) and ETR curves measured at POS-5m for
each sampling time. Once more, such difference between the sites is statistically confirmed
for the ETR parameter (ANOVA 11:00: p < 0.001; 14:00: p < 0.01). The application of
the Platt’s fit to the RLCs curves allowed the retrieval of the photosynthetic parameters
ETRmax, α and Ek for the two campaigns.
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Figure 4. RLCs curves of P.oceanica sampled during POSI-Jun. (A) Y(II) and (B) ETR as a function of
PAR. Squared dots represent all the measures, while the continuous curvesare given by the median
values and the fits calculated according to [75].

Figure 5. RLCs curves of P.oceanica sampled during POSI-Aug at POS-1m (black),POS-5m (red)
stations. (A–C) Y(II) and (D–F) ETR as a function of PAR. Squared dots represent all the measures,
while the continuous curve is given by the median values and the fit calculated according to [75].
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In POSI-Jun, ETRmax and α increase with depth, being higher in the deepest station,
POS-5m, while Ek is higher in the shallowest station, POS-1m. In POSI-Aug both ETRmax
and α reach their maximum values in POS-5m respectively at 11:00 and 14:00. Once again,
Ek show the highest value in the shallowest station, POS-1m at 8:00.

4. Discussion

This study describes the photosynthetic dynamics of P.oceanica through the analysis
of the fluorometric (Fv/Fm, Y (II), ETR) and derived photosynthetic parameters (α, β, Ek,
Pmax) obtained by PAM fluorometry along a depth gradient in the Northern Tyrrhenian
coast in response to different environmental conditions.

To investigate the effects of the environmental factors that mainly affect the health
status of P.oceanica within the study area, the models contained in the C-CEMS system
were used [65], developed to properly analyze the potential impacts on coastal marine
ecosystems with a high spatial and temporal resolution. The model’s outputs as well asPET
values have highlighted a different environmental profile of the investigated sites. The
shallower one undergoes a major hydrodynamic stress, which is known to strongly affects
seagrass primary production and distribution, setting its upper depth limit [19,72,82]. Such
condition is related to the lowest total leaf area detected during both POSI-Jun and POSI-
Aug campaigns at POS-1m (POSI-Jun: 60.9 cm2 shoot−1; POSI-Aug: 89.5 cm2 shoot−1) as
well as to the related percentages of photosynthetic tissue (POSI-Jun: 56.2%; POSI-Aug:
65.9%). This trend is consistent with more spatial fragmentation in shallow waters in
wave-exposed environments [83,84]. Differently from what found at shallower depths, in
the mid-depth site (−5 m) the factor that mostly weighs on the environmental feature of
the local meadow is the burial rate of sedimentation. The sedimentation rate seems to have
a positive effect on the photosynthetic capacity of plants which are stimulated to growth to
overcome the related burial level, within the range of limits not exceeded in this station.
In fact, at this station a greater foliar production is observed, given by the highest per-
centage of photosynthetic tissue and pigment contents. Indeed, P.oceanica has a relatively
high capacity to sustain burial, with burial thresholds of 10.2–14 cm for 50% mortality,
and 14–15 cm for 100% mortality [22]. In the deepest station (−10m), light is the main
assessed stressor to which P.oceanica meadows are subjected. Such results are in line with
the photosynthetic responses of plants performed at this depth, confirming the role of light
as the dominant regulator of their photosynthetic capacities in absence of nutrients limita-
tion [85]. Differently from most marine macrophytes, seagrasses have unusually high light
requirements, ranging from 10% to as much as 37% of sea-surface irradiance, making them
particularly vulnerable to deteriorated water quality and eutrophication phenomena [86].

To investigate the biotic factors that condition the physiological state of P.oceanica,
morphological measurements together with the content of photosynthetic pigments as
indicators of the health status, growth conditions, and photosynthetic adaptation of P. ocean-
ica [76,87] were considered, allowing confirmation of the photoacclimative strategies de-
scribed above. In fact, seagrasses, as with other photosynthetic organisms, present a
considerable morphological plasticity to environmental changes, enabling them to com-
pensate for shifts in abiotic and biotic parameters [88]. Light acclimation is a hierarchical
process that can be observed at different scales, including leaf responses, shoot-scale re-
sponses and alterations to the meadow structure [89–91]. Concerning the foliar attributes,
foliar architecture and growth pattern can modulate physiological responses along a single
leaf and among the leaves of a single shoot [92]. Shoot plasticity can be fundamental to
maximize exposure to light of the photosynthetic apparatus and minimize respiratory
demands [90]. Finally, in reduced light environment, leaf pigment content and composition
can vary to optimize light absorption and conversion to chemical energy, thus adjusting
the carbon fixation capacity of the plant [93–96].

The analysis of photo-physiological features of P.oceanica located at the investigated
sites highlighted that Fv/Fm values did not vary significantly between 1 and 5 m depths
during POSI-Jun and POSI-Aug (ANOVA p > 0.05). Conversely, a high significant differ-
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ence was observed considering the third station located at 10 m depth during POSI-Aug
(ANOVA p < 0.001) at 11:00 UTC, when the solar irradiance reaches its maximum value
(Figure 3). This result indicates a general homogeneous level of photo-adaptation of
P.oceanica at the three monitored stations, belonging to the same genetic unit [69]. More-
over, based on the evidence from studies regarding photoacclimation, P. oceanica is a
species with a low physiological plasticity [47,91,97]. As a climax species with a longer
life span, it regulates more strongly at the leaf, shootand meadowlevel in response to
light availability [98–100] than it does at the physiological level, in contrast to seagrass
species with shorter life spans. However, such potential photosynthetic capacity, also sup-
ported by a similar percentage of available photosynthetic tissue of the intermediate leaves
(Tables 2 and 3), is substantially modulated at depths greater than 5 m according to the daily
irradiance cycle, reflecting different photoacclimative and photoprotective processes that
distinguish shallow from deep plants in response to high light stress in the central hours
of the day [47,99]. Diurnal variations can strongly mask the photosynthetic response to
changing environmental conditions thus it is fundamental to consider them for the retrieval
of accurate physiological information [32]. Differently from Fv/Fm, a significant differ-
ence was observed for the ETR values between the stations in both campaigns (ANOVA
p < 0.001). As captured in detail by the RLC curves, at the shallowest POS-1m station
P. oceanica tolerates wide light ranges, not showing significant variation of its photosynthetic
capacity throughout the day. At the POS-5m station, a heliophilous behavior of the plants is
detected, as the capacity to use light in relation to incident radiation (α) as well as to move
electrons along the electronic chain (ETRmax) increases at higher incident and underwater
PAR during midday. Conversely, plants located at POS-10m exhibits a sciaphilous pattern
typical of plants adapted to an oligophotic environment, showing a reduced ability to
perform photosynthesis at the highest daily light levels, as a photoprotective strategy to
avoid photoinhibition and damage to the photosynthetic centers [86]. As also reported
by [101] deep plants present a stronger shade adaptation strategy in respect to shallow
plants, performing rapid photoprotection capacities. The obtained results confirmed the
expected higher ability of shallow plants in harvesting light for photosynthesis compared
to the slightly lower leaf absorbance that characterize deep plants [89,96,102]. Moreover,
this trend is in line with the estimates of P.oceanica net primary production along a transect
around Ischia Island [103], where lower values were reported for blades at 10 m than those
related to the station located at 5 m depth.

Another interesting feature of the photoacclimative response of P.oceanica is described
by Ek, a parameter that indicates the minimum saturating irradiance, expected to be higher
in shallow plants [104–107] and to raise to maximum values in the central hours of the
day [103]. Our results confirmed this general trend when values are compared between
sites, with higher values founded at the shallowest sites. By looking at the diurnal variation,
Ek values increased at midday in POS-5m (62.7 µmol photonsm−2 s−1), while they dropped
in POS-1m (39.7 µmol photonsm−2 s−1) and POS-10m (42.1 µmol photonsm−2 s−1), need-
ing less energy to perform photosynthesis. Ek values are in accordance with the ranges
reported for P. oceanica in [108] (36–354 µmol photons m−2 s−1). The higher photosynthetic
performance attained in POS-5m site is supported by similar results of morphometric
characteristics and content of photosynthetic pigments in both campaigns. In fact, this
site showed a higher percentage of photosynthetic tissue, estimated as the total leaf green
area per shoot (POSI-Jun: 92.2 and 99.0% for POS-1m and POS-5m respectively; POSI-
Aug: 65.9, 97.4 and 94.9% for POS-1m, POS-5m, and POS-10m, respectively). Even if the
mean number of leaves per shoot was higher in the deepest site, POS-10m (6.89 ± 1.17,
6.78 ± 2.73 and 8.22 ± 3.60 for POS-1m, POS-5m, and POS-10m, respectively), adult and
intermediate leaves of POS-5m were significantly longer (p < 0.001) than those observed
in POS-10m. Such results are consistent with the density values measured at each site,
attaining the highest value at POS-10m (206.3 ± 68.8 shoot m−2) and minimum ones at
POS-1m (82.6 ± 37.3 shoot m−2).
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Concerning the photosynthetic pigments, greater concentrations of chlorophyll a, b
and a+b were found in POS-5m in both campaigns (Table 4), while the concentration of
total carotenoids was particularly higher in POS-1m during POSI-Aug. Since concentration
of carotenoids generally increases to provide protection against the formation of free
radicals [33], a light stress condition is denoted in this station, where also longer brown
tissues were accounted.

5. Conclusions

This study allows detection of P. oceanica photosynthetic activity in response to light
and site-specific environmental factors. Our results show that Junior-PAM fluorometer
can detect photo-physiological changes and diurnal variations of photosynthetic activity
of P.oceanica. In this context, the development of new monitoring methods based on the
relationships between the submarine light field and photosynthesis of submerged plant
canopies give a fundamental tool for the management of these coastal resources. However,
more research is still required to increase the knowledge of the interaction between light and
plant canopies. Indeed, this research field is also crucial for remote sensing quantification
of vegetation abundance and distribution as well as for estimating seagrass primary
production and blue carbon stocks in the framework of the international initiatives aimed
at preserving the capacity of blue carbon Mediterranean ecosystems in mitigating climate
changes. This study also demonstrates the importance of a multidisciplinary approach in
marine ecological research for which the integration of physiological and hydrodynamic
studies is fundamental to gain a better understanding of complex and variable ecosystems
such as the coastal ones. Moreover, allowing identification of the occurrence of a site-
specific stress caused by the repeated exceeding of a threshold limit for a defined parameter,
PET values provide useful information for the definition of future monitoring programs.
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