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Abstract: Seagrass meadows are increasingly threatened by anthropogenic activities and climate
change, necessitating restoration efforts such as cutting transplantation. Understanding the complex
interactions between plant morphology and physiology is crucial for designing robust restoration
strategies and assessing the success of transplantation and recovery processes. A pilot
transplantation experiment with the Mediterranean seagrass Posidonia oceanica (L.) Delile was
conducted in Northwestern Corsica (Calvi, France) to evaluate the feasibility of meadows degraded
due to boat anchoring. The effects of the cuttings’ origin and transplanting depth were investigated.
The establishment success of transplanted fragments was assessed by investigating the photo-
physiological parameters, carbohydrate content, and biometric parameters of both transplanted and
control plants one year after transplantation at depths of 20 and 28 m. After one year, there was a
high survival rate (90%) of the transplants, but their leaf surface area and biomass were significantly
reduced compared to the control plants. Photosynthetic activity remained consistent between both
depths, emphasizing the ability of P. oceanica cuttings to acclimate to a new light environment in a
of time (<3 months).

photoprotective pigments, and carbohydrate concentration were greater at the deeper sites. This

relatively short period Furthermore, light-harvesting pigments,
implies that transplantation at greater depths might be more effective. Furthermore, additional
research is necessary to enhance our understanding of the relationship between photosynthesis and
the overall health of the plant. This study emphasizes the essential integration of morphological and
physiological investigations to offer an ecologically meaningful understanding of how marine

ecosystems respond to various restoration methods.

Keywords: seagrass; restoration; variable chlorophyll a fluorescence; photosynthetic activity;
pigments; carbohydrates

1. Introduction

In recent decades, human activities and climate change have had a significant impact
on seagrass meadows, with global loss rates increasing from 0.9% per year in the 1940s to
7% per year by the end of the 20th century [1]. The reduction in seagrass coverage is
mainly attributed to agricultural activities causing sediment and nutrient runoff, coastal
urbanization, marine heatwaves, dredging, trawling, anchoring, and disease [2]. The
degradation of and decline in seagrass habitats are undermining their crucial ecosystem
services, prompting a growing global push for their conservation to secure their future
[3,4]. As a result of seagrass habitat loss, restoration has been implemented as a
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management and mitigation strategy to restore the ecological functions and services of
seagrass meadows affected by anthropogenic pressures [5,6]. There has been a recent
surge in research focused on restoring degraded marine environments, resulting in a
proliferation of strategies and methodologies aimed at improving the effectiveness of
restoration plans. However, results vary widely depending on the species, methods used,
and different environmental conditions encountered. A universally accepted and
standardized approach is still far from being realized [7-9]. Several tools can be used to
determine the impact of disturbances on seagrasses, such as those caused by the
transplantation of seagrass cuttings to a new environment. Classical monitoring metrics
are measurements related to structure/morphology, such as shoot density or foliar indices,
but little is known about physiological recovery process [10,11]. Transplantation may also
have some effect on photosynthetic activity, which can be detected by observing specific
characteristics of chlorophyll a fluorescence [10,12] (Figure 1). Indeed, when a chlorophyll
molecule captures photon energy, that energy can either drive photosynthesis, be emitted
as fluorescence, or be converted into heat (Figure 1). Variable chlorophyll a fluorescence
measured by Pulse-Amplitude-Modulated (PAM) fluorometry has been widely used to
assess the health status of seagrasses, allowing for the detection of plant stress before
visible morphological or density-related changes occur [13-15]. The analysis of
fluorometric and derived photosynthetic parameters provides valuable insights into the
photo-physiological response of a plant [15-17]. In a new light environment, such as may
occur after transplantation to a different depth or density of meadow, photo-acclimation
can lead to changes in the content and ratio of different photosynthetic pigments [18]. In
fact, light-harvesting systems consist not only of both chlorophyll a and b but also of other
pigments such as xanthophyll and carotenoid. For instance, leaves that thrive under high-
light conditions have fewer chlorophylls, higher photosynthetic capacity, and active
photoprotective mechanisms like xanthophyll pigments. Conversely, leaves adapted to
low-light conditions typically exhibit the opposite characteristics [19,20].
Photosynthetically produced reserves are stored as carbohydrates in the rhizomes (Figure
1). As an energy source, they are essential for plant growth and are remobilized to survive
the winter period when photosynthesis is greatly decreased [21-23]. As mentioned
previously, most restoration studies emphasize the need for a proper assessment of the
health status of transplants and consider monitoring them a crucial stage for the success
of the transplantation and recovery process. While PAM fluorometry has been extensively
used to detect physiological stress in seagrasses, little research has been conducted to
investigate the photo-physiological response of seagrasses when subjected to
transplantation [12,24]. The objective of this study was to investigate the establishment of
seagrass transplants after one year by monitoring the temporal dynamics of their
morphological and photo-physiological parameters measured using the morphology,
biomass, chlorophyll a fluorescence parameters, pigment content, and carbohydrate
content of both the transplants and reference plants.
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Figure 1. Schematic diagram of a simplified representation of photosynthesis in seagrasses.

2. Material and Methods
2.1. Study Area and Seagrass Transplantation

This study was carried out in a sub-bay of Calvi Bay named Alga Bay (8°43'52" E;
42°34'20" N), situated in front of the oceanographic station STARESO (Calvi, Western
Corsica, France), between May 2022 and May 2023. This bay is occupied with extensive
seagrass meadows of the species Posidonia oceanica (L.) Delile covering around 0.78 km? at
depths ranging from 3 to 37 m [25] and has experienced significant anchoring activity
resulting in drastic seagrass meadow regression [26]. The experimental sites were
positioned along eight designated anchoring tracks at depths ranging from 20 to 28 m and
were characterized by a mix of bare sediment and dead matte (see Figures 2 and 3).
Between May and July 2022, a total of 792 P. oceanica fragments were transplanted at these
experimental sites (Figures 2 and 3). To minimize the impact on the surrounding
meadows, the transplantation mainly involved naturally uprooted fragments referred to
as storm fragments (528 fragments). These storm fragments were collected from various
locations near STARESO during SCUBA dives ranging in depth from 6 to 28 m.
Additionally, a smaller part (264 fragments) of the transplants was collected from the
erosion side of a natural sandy intermatte at a 15 m depth [27]. Cuttings were collected in
situ by divers and then kept in outdoor flow-through seawater aquaria until initial
biometric measurements (the number of shoots, maximum leaf length, and rhizome
length) were taken. Only cuttings with at least 3 shoots and a plagiotropic rhizome at least
15 cm long were retained, while those with excessive leaf necrosis were discarded. After
biometric measurements, the cuttings were attached to biodegradable artificial structures
and transported by boat to the transplantation sites in Alga Bay where they were anchored
to the seabed using rebars.
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Figure 2. The location of the study area. The top-left figure displays the location of Corsica Island in
the Mediterranean Sea. The bottom-left figure shows Corsica Island and Calvi Bay. The right figure
displays the experimental sites in Alga Bay (Calvi, Corsica). The biocenosis map used in the right
figured was retrieved from [28].

Figure 3. An orthomosaic of an anchoring track with P. oceanica cuttings transplanted onto three
different types of biodegradable artificial structures (white rectangles).
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2.2. Sampling Campaigns and Biometric Measurements

During the first campaign (May 2022), 20 P. oceanica fragments were collected from
surrounding control meadows at depths between 20 and 28 m. In addition, 20 cuttings,
including both storm fragments and cuttings from intermattes, were preserved for
biometric measurements and further laboratory analyses. For each of the two following
sampling campaigns (September 2022 and May 2023), the field survival rate was assessed
by counting the number of living shoots on each of the 792 transplants. At each
experimental site, 12 shoots were collected for subsequent biometric and physiological
measurements conducted onshore. Fewer shoots were collected in May 2023 because one
of the experimental sites (52) was partially washed away by strong hydrodynamics and
low sediment stability. Similarly, 10 control shoots were collected from the surrounding
meadows and brought back to the laboratory for further examination. All the shoots were
collected using the non-destructive shoot sampling method (NDSM) recommended by
Gobert et al. [29] except when harvesting the whole fragment was necessary for the
analysis of the carbohydrate concentration in the rhizomes. The number of leaves was
counted for each sampled shoot, and the length and width of each leaf were measured.
Epiphytes were scraped from all sampled leaves using a ceramic scalpel blade [30]. They
were then weighed for their fresh weight, subsequently freeze-dried for 48 h (BenchTop
3L, VirTis Company Inc., Gardener, NY, USA), and weighed again to determine their dry
weight.

2.3. Photosynthetic Activity Measurements

Photosynthetic activity was measured in the laboratory using a DIVING-PAM-I
(Heinz Walz GmbH; hereafter referred to as a PAM device). The sampled leaves were
placed in plastic trays shaded from ambient sunlight. PAM measurements were taken on
the convex middle section of the second intermediate leaf, which showed the strongest
correlation with the photosynthetic rate of the whole shoot [31,32]. Visible epiphytic
growth on this section was removed by rubbing the leaf with a finger. To ensure
standardized measurements, leaf holder clips were utilized during PAM procedures to
maintain a constant distance between the tip of the fiber optic and the leaf surface [32].
Rapid light curves [20] were obtained by exposing the samples for 10 s to 9 sequential
increasing light steps (0, 38, 117, 237, 377, 564, 775, 1139, and 1548 pumol photons m2 s1).
These RLCs were obtained with the following settings: GAIN =5, DAMP =2, MEAS-INT
=2, SAT-INT =8, and SAT-WIDTH = 0.8. The maximum photochemical quantum yield of
the Photosystem II (Fv/Fm) was measured at the beginning of each RLC, ie., at a
photosynthetic photon flux density (PPFD) of 0 umol photons m= s. The effective
photochemical quantum yield of the Photosytem II (Y(II)) and relative electron transport
rates (rETRs) were calculated at the end of each of light step as Y(II) = (Fm'-F)/Fm’ and
rETRpesn = Y(II) x PPFD. Three parameters were derived from the RLCs and plotted as the
rETR versus the photosynthetic photon flux density (PPFD): the maximum relative
electron transport rate (rETRmax), the initial slope of the curve («) related to photosynthetic
efficiency, and the minimum saturating PPFD (Ex) (Figure 4). These parameters were
derived from the equation introduced by Platt et al. [33], considering photoinhibition.
Data acquisition and modeling were carried out using WinControl-3 software version 3.33
(Heinz Walz GmbH, Effeltrich, Germany).
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Figure 4. Rapid light curve on which the relative electron transport rate is plotted against the PPFD.
The fitted curve is plotted with a dotted line, and the rETRmax, Ek, and «a are displayed.

2.4. Pigment Concentration and Analysis by HPLC

To quantify pigment concentration in the leaves, 4 cm long segments were sampled
from the middle part of the second intermediate leaf of the shoot [34], corresponding to
the area where photosynthetic activity was measured with the PAM device. Leaf segments
were weighed for their fresh weight, freeze-dried for 48 h (BenchTop 3L, VirTis Company
Inc.), and reweighed again for their dry weight. The samples were then homogenized on
ice using a mortar and pestle with 2 mL of 100% methanol under dim light. The extracts
were centrifuged twice for 10 min at 12,000x g to remove cellular debris. As described by
Roberty et al. [35], the pigments were then separated by reverse-phase HPLC, using a
Shimadzu Prominence HPLC system comprising a DGU-20A5R degassing unit, an LC-
20AT liquid chromatograph, a SIL-20AC autosampler, a CTO-10ASVP column oven, and
an SPD-M20A diode array detector (Shimadzu, Japan). The HPLC column (Nova Pak C18;
150 mm in length and a pore size of 4 um) was eluted with a mobile phase gradient (1 mL
min). Absorbance chromatograms were obtained at 430 nm and compared to the elution
patterns of pigment standards (DHI Lab, Horstholm, Denmark) for the quantification of
pigment quantities. Data acquisition and analysis were carried out using Shimadzu
LabSolutions software version 5.92 (Shimadzu, Kioto, Japan).

2.5. Carbohydrate Content in Rhizomes

During the first campaign, 20 P. oceanica plagiotropic rhizomes were harvested from
the two control sites (20 and 28 m depth) and 20 plagiotropic rhizome cuttings, including
both storm fragments (10 samples) and cuttings from intermattes (10 samples). One year
later, 10 plagiotropic rhizomes from the control sites and 46 plagiotropic rhizome cuttings
from the different transplantation sites were harvested. They were cleaned of scale, stored
at —20 °C, and sent to MicroPolluants Technology SA (Saint Julien Les Metz, France) for
an analysis of their soluble carbohydrates and starch content. Each rhizome sample was
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placed in ethanol (v/v) and heated at 80 °C for 15 min to extract sucrose; the extract was
then centrifuged to separate the solid part from the organic phase. The solvent was
removed, and the extraction process was repeated twice [36]. The combined ethanol
extract obtained was evaporated to dryness at room temperature, and the residue was
dissolved in hot water. Starch was extracted from the sample pre-extracted from ethanol
by incubation in sodium hydroxide solution for 24 h at room temperature [37] or by
boiling it in sodium hydroxide for 30 min [38]. After cooling, the pH was adjusted to 5.5
with acetic acid. The content of sucrose and starch was then determined by
spectrophotometry after a reaction with anthrone [39]. The result is expressed as the Total
Carbohydrate Reserve (TCR) to an accuracy of 1%.

2.6. Data Analysis

Statistical analysis was performed using RStudio version 4.3.2 (RStudio Inc., Boston,
MA, USA). Prior to analysis, the data set was examined to identify potential outliers. The
PAM measurements were often highly variable, and data points with a significant
deviation from the mean were excluded. Generalized linear models were fitted to the
various morphological and physiological response variables and the explanatory
variables “Origin”, “Bathymetry” and the interaction between the two (2-way interaction).
“Origin” had three factors: “Control” refers to seagrass meadow control groups in close
vicinity to the experimental transplantation sites; “Intermatte” cuttings are transplanted
seagrass cuttings harvested on the erosion side of a natural sandy intermatte at a 15 m
depth; and “Storm-fragment” samples are transplanted seagrass fragments that were
naturally uprooted from seagrass meadows and collected drifting in the seafloor.
Bathymetry had two factors: “Shallow” refers to the experimental and control groups at
20 m, and “Deep” refers to the experimental and control groups at 28 m. Models were
generated for September 2022 and May 2023 separately to reduce the number of
interactions. For the first sampling campaign (May 2022), only “Origin” was used as an
explanatory variable as this was the initial campaign before the P. oceanica fragments were
transplanted to the different experimental sites. A Poisson error distribution with a log
link function was used for the response variables “Survival” and “Number of leaves” due
to their discrete non-negative values. A gamma error distribution with an inverse link
function was used for all the other response variables as they all had continuous non-
negative values. Model selection (a comparison of models containing different numbers
of explanatory variables) was used to identify the optimal model for each separate
response variable in a stepwise process of removing non-significant explanatory variables
until no more variables could be removed from the model. Overdispersion was checked
by comparing the residual deviance with the degrees of freedom. When significant
differences were obtained, the analysis was followed by using the Ismean() function with
the Bonferroni method, which calculated the least squares means for the previously
identified significant effects. Spearman’s rank correlation analysis was performed to
identify the strength of the relationship between pairs of response variables, i.e., pigments,
photosynthetic activity, biometry, biomass, and carbohydrates [40,41]. The interpretation
of the meaning of the Spearman’s rank correlation coefficients was taken from Fowler and
Cohen [42]. A principal component analysis (PCA) was used to synthesize the information
in all response variables. Differences were considered statistically significant when p <
0.01. All values were reported as mean + standard error values.

3. Results
3.1. Survival, Shoot Morphology, and Biomass

The survival rate of the transplants was calculated in relation to live and dead
material left in place or lost. It was 98.74% after three months and 90.40% after one year.
The survival rate was not influenced by the origin of the transplanted fragments
(intermatte and storm fragment) or the bathymetry of the transplantation sites (Table 1).
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The number of leaves was not significantly influenced by any of the explanatory variables
(Table 1, Figure 5A). However, the leaf surface area and leaf dry weight both showed
higher values for the control plants compared to both types of cuttings (intermatte and
storm fragment) in September 2022 and May 2023 (Table 1, Figure 5B,C).

Table 1. Results of the chi-squared tests performed on different generalized linear models at the
three sampling campaigns for the survival, morphological, and photo-biological variables due to
the effect of the Origin (Control (C), intermatte cuttings (I), and storm fragments (E)), bathymetry
(Shallow (S) vs. Deep (D) sites), and the interaction between Origin and Bathymetry (OxB). “NA”
indicates that no data were available as “TCR” was only measured in May 2022 and May 2023. “n.s.”
indicates non-significant difference; “*” indicates significant difference. At the bottom of the table
are the pairwise tests for the significant Origin and Origin x Bathymetry effects.

May 2022 September 2022 May 2023
Effect Type . . A
Origin Origin  Bathymetry OxB Origin Bathymetry OxB
Morphology
Survival n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Number of leaves n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Leaf surface area n.s. * n.s. n.s. * n.s. n.s.
Biomass n.s. * n.s. n.s. * n.s. n.s.
Photo-biology
Fv/Fm * n.s. n.s. n.s. * n.s. n.s.
a n.s. n.s. n.s. n.s. n.s. n.s. n.s.
rETRmax * n.s. n.s. n.s. n.s. n.s. n.s.
Ek * n.s. * n.s. n.s. * n.s.
Chl-a n.s. * * n.s. n.s. * n.s.
Chl-b n.s. * * n.s. * * *
Chl a+b n.s. * * n.s. n.s. * n.s.
Chl-a/Chl-b n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Xanthophyll n.s. * * n.s. n.s. * n.s.
Carotenoid n.s. * * n.s. n.s. * n.s.
TCR n.s. NA NA NA n.s. * n.s.
Pairwise test May 2022 September 2022 May 2023
Origin Origin OxB Origin OxB
C=I C=1
Leaf surface area C+E C+E
Biomass C#I C#I
C#E C#E
Fv/Fm C#1 C#E
C=1
rETRmax 1%E
Ek C#1
Chl-a C=1
SI#DE
Chl-b C=#I C=#I SE % DE
Chl a+b C=I
C=#1
Xanthophyll C+E
Carotenoid C#1

C#E
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(intermatte and storm fragment) as function of depth: (A) number of leaves, (B) leaf surface area,

and (C) shoot dry weight. Vertical error bars are standard errors.

3.2. Photosynthetic Activity

The photo-physiological response of the transplanted shoots was monitored
throughout the study using the Fv/Fm and parameters calculated from rapid light curves
(i.e, a, the rETRmax, and the Ek). They all behaved differently depending on the
bathymetry and the origin of the fragments. While the Fv/Fm was significantly higher in
May 2022 for the control plants compared to the intermatte cuttings, this difference was
no longer present in September 2022 (Table 1, Figure 6A). In May 2023, control plants also
showed higher Fv/Fm values, but only a significant difference was found between them
and the storm fragments (Table 1, Figure 6A). The initial slope of the RLC (a) was not
significantly different between control and transplants, intermatte cuttings and storm-
fragments or depth (Table 1, Figure 6B). Initial differences between plant origins were
found for the rETRmax but did not show the same pattern as it can be seen for the Fv/Fm
(Figure 6A,C). The rETRmax was significantly higher for the intermatte cuttings than for
the control plants and storm fragments (Table 1, Figure 6C). However, no significant
difference in origin or bathymetry was observed for the other two sampling campaigns
(Table 1, Figure 6C). As with the rETRmax, the saturating irradiance (Ex) was significantly
higher in May 2022 for the intermatte cuttings compared to the control plants but not
compared to the storm fragments, as was the case for the rETRmax (Table 1, Figure 6C,D).
Moreover, in September 2022, the Ex was significantly higher for the plants at the shallow
sites, whereas in May 2023, the opposite was true, with the plants at the deep sites showing
significantly higher values compared to those at the shallow sites (Table 1, Figure 6D).
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3.3. Pigment Content

Chlorophyll 4, b, and their sum were significantly higher for the shallow sites in
September 2022 compared to the deeper sites, but the opposite pattern was observed in
May 2023 (Table 1, Figure 7A-C). In addition, in September 2022, higher values were
found for the intermatte cuttings compared to the control plants (Table 1, Figure 7A-C).
In May 2023, higher values of chlorophyll b were found for the control plants compared
to the intermatte cuttings (Table 1, Figure 7C). The ratio Chl-a/Chl-b was not significantly
influenced by origin, bathymetry, or their interaction in any of the three sampling
campaigns (Table 1, Figure 7D). The carotenoid and xanthophyll pigments were
significantly higher for the shallow sites in September 2022 compared to the deeper sites
(Table 1, Figure 7E,F). However, the opposite pattern was found in May 2023, with lower
values for the shallow sites compared to the deep sites (Table 1, Figure 7E,F). Moreover,
in September 2022, higher values were found for the transplants (intermatte cuttings and
storm fragments) compared to the control plants (Table 1, Figure 7E,F).
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(B) Chl-a content, (C) Chl-b content, (D) Chl-a/Chl-b ratio, (E) carotenoid content, and (F)
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3.4. Carbohydrate Storage in Rhizomes

The only significant difference for the total carbohydrate reserve (TCR) in the
rhizomes was that the TCR was higher for the deep sites in May 2023 compared to the
shallow sites at the same time, although there is a large variability in TCR values from the
deep sites (Table 1, Figure 8).
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3.5. Correlation within and between Morphological and Photo-Biological Parameters

All the individual pigments and their sum are strongly positively correlated with
each other, with Spearman’s rho coefficients higher or equal to 0.9 except for xanthophyll
and chlorophyll-b, for which it was equal to 0.87 (Figure 9). Morphological variables also
displayed strong correlations, such as a 0.79 for biomass and leaf surface area and 0.51 for
the number of leaves and leaf surface area (Figure 9). None of the other variables showed
strong correlations between each other (-0.5< Spearman’s rho coefficient <0.5) (Figure 9).
This is corroborated by the PCA with all the individual pigments and their sum that are
grouped together, with the Chl-a/Chl-b ratio being orthogonal to them (Figure 10).
Similarly, the Fv/Fm and a are anti-correlated (Figure 9). The rETRmax, TCR, and Exare
roughly grouped together, as are biomass, leaf surface area, and the number of leaves
(Figure 10). Individual pigments and their sum contributed the most to the variance,
followed by Chl-a/Chl-b, morphological parameters, and, finally, the TCR and parameters
related to photosynthesis efficiency (Figure 10).
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coefficients. Non-significant correlations (p > 0.01) are left blank.
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Figure 10. PCA displaying differences in morphological and photo-biological response variables.
Colors of biplot are relative to variance contribution (Cos2).

4. Discussion

Despite numerous endeavors to restore P. oceanica meadows over the last 30 years,
there is still a lack of well-established methodologies and guidelines for their successful
restoration. Therefore, any new knowledge derived from new experimental trials is an
important contribution to the overall understanding of the subject [7,43]. In this study, we
investigated the photo-biological and morphological characteristics and survival of P.
oceanica transplants under various conditions, specifically considering the origin of the
transplanted fragments and the bathymetry of the transplantation sites. The results of this
study shed light on critical aspects that influence the complex dynamic of P. oceanica
meadows. Wave exposure and low sediment stability at some transplantation stations led
to the loss of some P. oceanica transplants, but the survival rate of transplants after one
year remained high. The relatively high survival rate observed (90.40%) underlines the
resilience and adaptability of the species after transplantation on dead matte. Such a high
survival rate was consistent with previous work carried out in the same area [44].
Although there were no initial differences between control plants and transplants, the leaf
surface area and leaf dry weight of the transplants were significantly reduced even one
year after transplantation. This could be indicative of potentially non-optimal growth
conditions [44,45], or it could be due to breakage caused by increased water movement in
a thinned canopy due to transplantation on a bare area compared to dense control
meadows [46]. In addition, our results indicate that differences in light intensity between
shallow and deep sites did not significantly affect transplant morphology, which is
consistent with the idea of acclimation observed in previous studies [47,48]. Furthermore,
our results are consistent with the emphasis in the literature on the acclimation of P.
oceanica to different light conditions, demonstrating the ability of the plant to adapt
without exceeding critical tolerance thresholds [49].

The photosynthetic parameters measured here indicate limited physiological
differences among the explanatory variables Origin and Bathymetry. Many studies across
different species highlight the utility of variable chlorophyll a fluorescence in
understanding the photo-physiological dynamics of seagrasses thriving in different light
environment, for example, due to different depths [15,18,20,47,50,51]. Previous studies on
seagrasses revealed acclimation responses from the plant along a decreasing light
gradient, including an increasing a for enhanced photosynthetic efficiency under low
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light intensities, a decreasing ETRmax, a reduction in the saturating irradiance (Ek), and
an increasing Fv/Fm [10,50,52-54]. However, there are many studies in which these trends
are inconsistent. There are many reports of no response or the response deviating from
the expected light gradient; there are also many reports of the response conforming to
expected patterns [55-59]. The reasons for these discrepancies could be related to the
individual acclimation statuses of different plants, the intrinsic diversity of beds, some
experimental pitfalls, and the heterogeneity of the environment [55,60]. Here, the
photosynthetic efficiency remained constant across the three sampling campaigns and did
not differ significantly between depths or origins. While there were initial differences in
the Fv/Fm, rETRmax, and Ex between the control plants and intermatte cuttings, these
differences disappeared in subsequent sampling campaigns. It is likely that these
differences were due to the light conditions from the initial environment of the intermatte
cuttings. Indeed, these cuttings were plagiotropic rhizomes that were harvested from the
erosion side of a natural sandy intermatte, where light intensity is more important than in
dense meadows. Moreover, the sandy intermatte lays at a 15 m depth, whereas the control
plants were harvested at a deeper depth, near the experimental sites at 20 and 28 m. It
seems that plants rapidly acclimated to their new light environment since the Fv/Fm and
rETRmax values were similar between the controls and transplants 3 months after their
transplantation. It is likely that the acclimation period was much faster in our case. Indeed,
in the study of Horn et al. [10], a 3-month post-transplant acclimation period was required
for transplants that had experienced desiccation during the transport from the donor site
to the transplantation site [10], and our experimental set-up prevented this type of stress.
Our results also contrast with some previous transplantation experiments involving P.
oceanica cuttings, showing low survival and development rates when they were
transplanted deeper than their original depth [22,61]. Although the storm fragments were
collected at different depths and it was not possible to estimate their original depths, the
intermatte cuttings were taken from a depth of 15 m and were transplanted to depths of
20 m and 28 m. Despite this deeper transplantation, the photosynthetic activity is like that
of the control seagrass beds, and the survival results exceed 90% after one year. After the
same period after transplantation, Molenaar and Meinesz [61] observed that transplants
taken from a depth of 3 m and transplanted to deeper waters showed reduced survival
rates of 59 and 41% at 14 and 29 m, respectively.

In new light environments after transplantation to different environmental
conditions, photo-acclimation can induce changes in the concentration and distribution of
photosynthetic pigments [18]. With the exception of the Chl-a/Chl-b ratio, the individual
pigments and their sum show a similar behaviour as a function of bathymetry, with
significantly higher values for shallow sites in September 2022 and higher values for deep
sites in May 2023. The higher concentrations in September 2022 for the shallow sites (i.e.,
a 20 m depth) compared to the deep sites (i.e., a 28 m depth) are consistent with previous
work on pigments in P.oceanica which measured chlorophyll concentrations in leaves from
different depths and found higher values at 20 m compared to 30 m [22,62]. However, one
year after transplantation, the opposite pattern is observed. Spring is usually a time of
sustained growth and rapid increase in leaf length [22,63,64]. Differences in light intensity
and temperature at different depths are known to induce differential growth rates, leading
to delayed peaks in leaf surface area and biomass at deeper sites [31]. In this case, it is
likely that leaf area and leaf biomass will increase faster than pigment biomass, leading to
a reduction in the total amount of photopigments present at the deep sites compared to
the shallow sites [22,59]. However, in this study, no significant differences were found for
leaf area and biomass in May 2023. Furthermore, higher pigment levels were found in
September 2022 for intermatte cuttings compared to control plants. Although this could
have been expected as the intermatte cuttings were transplanted deeper than their initial
depth of origin, it is surprising as no initial differences were found between the two before
transplantation, indicating similar pigment contents. This also contradicts other studies
which have shown that transplantation to deeper or shallower water does not
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systematically have a significant effect on the concentration of photosynthetic pigments
[22,65].

The photosynthetic carbon fixation of P. oceanica is maximized during summer (June—
September) when the light intensity is optimal, allowing the plant to accumulate sufficient
reserves (i.e., carbohydrates) for overwintering and subsequent regrowth [21]. The
photosynthetically produced reserves stored as carbohydrates in the rhizomes did not
seem to be significantly affected by transplantation stress, as indicated by the parameter
related to variable chlorophyll a fluorescence. A higher concentration of carbohydrates
could have been expected for the shallow sites, as higher percentages of carbohydrates are
usually found in environments with a higher light intensity [22,37], although the 8 m
depth difference between the shallow and deep sites may not be sufficient to cause
significant differences in light intensity and associated physiological parameters. Between
depths of 5 and 20 m, Genot et al. [22] showed that plants transplanted from shallow to
deeper waters photosynthesize less efficiently, store fewer carbohydrates, and have poor
survival rates. The positive correlation between carbohydrates and nitrogen content
pointed out by previous studies [37,66] could be a possible explanation for these
significant differences, emphasizing the importance of physiological parameters not only
directly related to photosynthesis to achieve a more exhaustive understanding of a plant’s
health status.

The almost constant photosynthetic activity emphasizes the need for caution when
attempting to use chlorophyll fluorescence alone to estimate absolute photosynthesis or
primary production as it can become decoupled from the electron transport rate at PSII,
along with O2 evolution and/or carbon fixation, under specific prevailing environmental
conditions [67]. Further investigations are required to deepen our comprehension of the
correlation between photo-biological parameters and the overall health condition of the
plant. This research area holds significant importance for the estimation of seagrass
primary production and blue carbon stocks, aligning with global initiatives aiming to
safeguard the resilience of Mediterranean blue carbon ecosystems in mitigating climate
change. Moreover, the application of these photo-biological parameters as monitoring
tools to identify the establishment success of P. oceanica cuttings after transplantation to
new environmental conditions is to be completed with further physiological and genetic
analyses to assist in identifying the extent and nature of stress potentially experienced by
the transplants [48]. In particular, further studies on this research topic should be
completed with metabolomic fingerprinting, which includes monitoring growth-
promoting and stress-related metabolites [68,69]. Indeed, previous studies have shown
that metabolomics shows a more consistent response with photosynthetic activity and
carbon fixation than biometry and biomass changes [69-71]. Therefore, it should be
considered when selecting new indicators for assessing seagrass health after
transplantation.

5. Conclusions

The combined analysis of a range of different morphological and physiological
parameters offers interesting insights into the complex response of P. oceanica to
transplantation stress. One year after transplantation, the survival rate of transplants
remains quite high (90%), although morphological differences between control plants and
transplants persist. In contrast to morphological responses, the different physiological
parameters related to photosynthetic activity do not accompany changes in morphology
and suggest that transplanted fragments are acclimated to their new environmental
conditions. A contrast also emerges between the two depths of the transplantation sites,
with higher values found in light-harvesting pigments, photoprotective pigments, and
carbohydrate concentration found for the deep sites after one year, although
photosynthetic activity remains unchanged. This could suggest that transplanting at a
deeper depth could be more efficient, but longer-term monitoring is needed to assess
whether the morphological disparities between transplants and control plants eventually
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diminish over time and align with photo-biological parameters. This study demonstrates
the importance of a multidisciplinary approach in marine ecological research for which
the integration of morphological and physiological studies is fundamental to providing
an ecologically relevant interpretation of the response of marine ecosystems to different
kind of restoration methods.
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