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Eutrophication is one of the main threats to seagrass meadows, but there is limited
knowledge on the interactive effects of nutrients under a changing climate, particularly
for tropical seagrass species. This study aimed to detect the onset of stress in the
tropical seagrass, Halophila stipulacea, by investigating the effect of in situ nutrient
addition during an unusually warm summer over a 6-month period. We measured a
suite of different morphological and biochemical community metrics and individual plant
traits from two different sites with contrasting levels of eutrophication history before and
after in situ fertilization in the Gulf of Agaba. Nutrient stress combined with summer
temperatures that surpassed the threshold for optimal growth negatively affected
seagrass plants from South Beach (SB), an oligotrophic marine protected area, while
H. stipulacea populations from North Beach (NB), a eutrophic and anthropogenically
impacted area, benefited from the additional nutrient input. Lower aboveground (AG)
and belowground (BG) biomass, reduced Leaf Area Index (LAl), smaller internodal
distances, high sexual reproductive effort and the increasing occurrence of apical shoots
in seagrasses from SB sites indicated that the plants were under stress and not growing
under optimal conditions. Moreover, AG and BG biomass and internodal distances
decreased further with the addition of fertilizer in SB sites. Results presented here
highlight the fact that H. stipulacea is one of the most tolerant and plastic seagrass
species. Our study further demonstrates that the effects of fertilization differ significantly
between meadows that are growing exposed to different levels of anthropogenic
pressures. Thus, the meadow’s “history” affects it resilience and response to further
stress. Our results suggest that monitoring efforts on H. stipulacea populations in its
native range should focus especially on carbohydrate reserves in leaves and rhizomes,
LAl internodal length and percentage of apical shoots as suitable warning indicators
for nutrient stress in this seagrass species to minimize future impacts on these
valuable ecosystems.

Keywords: Red Sea, global warming, eutrophication, seagrass degradation, warning indicator, pollution, multiple
stressors, Gulf of Agaba (Eilat)
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INTRODUCTION

Seagrass meadows are becoming increasingly threatened, as
their distribution along coastal areas makes them especially
vulnerable toward local anthropogenic pressures (Orth et al,
2006; Wilkinson and Salvat, 2012). Seagrasses are disappearing
four times faster than tropical rainforests (Masakazu et al., 2019),
causing great concern considering the biodiversity associated
with seagrass meadows, alongside the wide range of valuable
ecosystem services and functions that these meadows provide. In
addition to being vital for adjacent ecosystems (e.g., coral reefs),
many of these services and functions also have important impacts
on local economies and human health. Tropical seagrasses benefit
neighboring coral reefs by increasing water quality, decreasing
sediment resuspension and particulate matter loading (Orth
et al., 2006; Gillis et al., 2014), mitigating the effects of ocean
acidification (Unsworth et al., 2012; Bergstrom et al., 2019) and by
reducing pathogen concentrations that would also have negative
impacts on humans (Lamb et al., 2017).

Halophila stipulacea (Forsskal) Ascherson is a tropical seagrass
species native to the Indian Ocean, Red Sea and Persian
Gulf (Lipkin, 1975). It invaded the eastern Mediterranean
through the Suez Canal some 150 years ago (Lipkin, 1975;
Sghaier et al., 2011), but has also expanded into the Caribbean,
where it outcompetes the native seagrass species Syringodium
filiforme, Halodule wrightii, and Halophila decipiens (Ruiz and
Ballantine, 2004; Willette and Ambrose, 2012; Willette et al,,
2014; Smulders et al., 2017; Winters et al., 2020). Contrary to
other seagrass species, H. stipulacea is able to survive under
a broad range of temperatures (11 to 38°C), shows a high
photo-physiological plasticity and has been found to thrive
under eutrophic conditions, even in sulfidic sediments (Sharon
et al., 2009; van Tussenbroek et al., 2016; Rotini et al., 2017;
Wesselmann et al., 2020; reviewed by Winters et al.,, 2020).
The ability of H. stipulacea to rapidly acclimate to a wide
range of environmental conditions paired with its fast growth
rates, leaf turnover and high fragment dispersal are possible
reasons for its worldwide colonization success and, hence,
sparked interests in its population dynamics as well as its
resilience toward anthropogenic pressures (Weatherall et al.,
2016; O’Brien et al., 2018b).

Research efforts in the Gulf of Aqaba (GoA), northern Red
Sea, have mainly focused on local coral reefs (e.g., Rinkevich,
2005; Fine et al, 2013, 2019), even though an extensive area
of approximately 707,000 m? along the coastline is covered by
seagrass meadows (Winters et al., 2017). H. stipulacea is the most
dominant and widespread seagrass species in the GoA (Winters
etal., 2017), where it forms large, discontinuous meadows in both
shallow and upper mesophotic zones (1-51 m depth) (Sharon
et al,, 2011; Kramer et al., 2019). These seagrass meadows along
the coastline of Eilat, Israel, provide important ecosystem services
that are estimated to exceed US$ 2,000,000 per year (Winters
et al., 2017). However, the importance of these ecosystems is still
not fully recognized, not only by scientists but also by policy
makers and local stakeholders (Winters et al., 2017, 2020).

The semi- enclosed nature of the Red Sea makes it particularly
vulnerable towards eutrophication and global warming. It has

been shown that annual sea surface temperatures (SSTs) in
the northern GoA are increasing at rates of 0.254 £ 0.058°C
decade™! (Fine et al., 2013; Nguyen et al., 2020), slightly faster
than the global coastal SST trend of 0.17 & 0.11°C decade™!
(Liao et al, 2015). The cities of Eilat and Agaba, located
on the northernmost part of the GoA, are the largest, fast
growing population centers in the region, both of which attract
millions of tourists annually. In both these cities, adjacent
coastal ecosystems face numerous threats due to significant
infrastructure development as one of the Red Sea’s major tourist
destinations (Fine et al., 2019). In addition to global threats of
ocean warming and acidification, the main regional threats to
local marine ecosystems include enhanced nutrient inputs (i.e.,
eutrophication) from sewage, mariculture and agricultural runoft
(Loya, 2004; Winters et al., 2017). There is no natural terrestrial
run off into the Red Sea since it is surrounded by deserts and
only nutrient- depleted Red Sea surface water can enter the GoA
through the Straits of Tiran making the Red Sea world famous
for its oligotrophic, clear waters (Stambler, 2005; Wurgaft et al.,
2016). Due to the GoA being a semi- enclosed ocean body, its
waters are characterized by a particularly long residence time
of 3-8 years (Loya and Kramarsky-Winter, 2003; Winters et al.,
2017). This long residence time means that the effects of land-
associated sources of pollution, such as high nutrient inputs from
poorly or non-treated sewage as well as municipal discharge,
mari- and agricultural runoffs, and severe flash flood events, are
intensified several folds. These local anthropogenic stressors may,
in combination with global warming, affect seagrass ecosystems
even more dramatically than previously predicted by experiments
that have been conducted with only one stressor in laboratory
facilities without including the whole seagrass ecosystem (Egea
et al, 2018; Mvungi and Pillay, 2019; Nguyen et al., 2020;
Pazzaglia et al., 2020). Studies investigating the effect of multiple
stressors on H. stipulacea meadows in situ within its native range
are particularly scarce, yet these studies will be crucial if we want
to understand how environmental and anthropogenic pressures
affect the state and population dynamics of this seagrass species.
Moreover, multiple stressor studies on H. stipulacea in its native
range will inform us how to improve management efforts for
its conservation in the northern GoA since establishing marine
protected areas (MPAs) alone has already been shown to be
insufficient for protecting seagrass meadows (Eklof et al., 2009;
Quiros et al., 2017). Identifying how different stressors impact
these ecosystems is of fundamental importance if we are to take
timely targeted management actions.

The aim of our study was to identify warning indicators for
nutrient stress in H. stipulacea seagrass meadows growing in
both anthropogenically low and high impacted sites. For this we
compared the effects of nutrient history on seagrass responses to
in situ nutrient enrichment, created by using fertilizer addition
over 6 months, capturing as well the high summer temperature
peak. Signs of stress were investigated on individual plant as well
as on the population level by measuring structural community
metrics (% cover, shoot density, biomass) and morphological
(leaf width, length, leaf area, leaf area index, % apical shoots, no.
of leaves, internodal distance) and biochemical (tissue nutrient
content and carbohydrates) plant traits identified as potential

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al.

Stress Indicators of Halophila stipulacea

stress response indicators (Roca et al., 2016). This study is part
2 of a parallel study on Posidonia oceanica in the Mediterranean
(Helber et al., 2021). Through both of these studies, we aim to
compare responses of H. stipulacea, a fast-growing, small-bodied
seagrass, to P. oceanica, a slow-growing, large-bodied seagrass, in
order to better understand how these very different seagrasses
may respond under future nutrient and climate scenarios and
potentially interact in areas where H. stipulacea occurs within
P. oceanica meadows (Beca-Carretero et al., 2020b).

MATERIALS AND METHODS
Study Sites

The response of H. stipulacea populations to thermal and nutrient
stress were compared between two sites that are already heavily
exposed to anthropogenic pressures (North Beach - NB) and two
sites in a marine protected area with relatively low anthropogenic
pressures (South Beach - SB) along the western coast of the
northern Gulf of Aqaba (Eilat, Israel; Figure 1). The South Beach
area is characterized by a steep slope, gravel sized sediment
and a high cover of neighboring corals. In terms of light
penetration, this site has been shown to have a low photosynthetic
active radiation (PAR) diffuse attenuation coefficient (K4 PAR),
entailing a relatively high Secchi disk depth and relatively small
seagrass leaves (Mejia et al., 2016; Beca-Carretero et al., 2020a).
Lastly, this site falls within a local MPA with little tourist
infrastructure, no buildings at the beaches, but is a popular diving
spot. In contrast, seagrass meadows on the North Beach are in
close proximity to a dense strip of hotels and a marina. Extensive
boating activities occur right over the meadows. The North Beach
site is characterized by a small slope and fine, muddy sediment,
and hardly any corals. The light attenuation (Kq4) determined by
measurements of PAR at the water surface and sediment depth,
is much higher than in the South Beach site (Beca-Carretero
et al., 2020a), and secchi disk depth has been found to be much
shallower due to less light penetrating the water, and the leaves
of local seagrass plants are much larger (Mejia et al., 2016;
Supplementary Figures 1, 2). Although removed some 10 years
ago, gilthead sea breams (Sparus aurata) were cultivated in cages
in this area for approximately 20 years, which led to nutrient
enrichment of the water column and underlying sediments, and a
die-off of the underlying seagrass meadows (Oron et al., 2014). It
was estimated that the North Beach area received annually more
than 250 tons of N and 50 tons of P as a result of the fish farming
activities (fish excretion and undigested feed pellets) by the end
of the 1990s and beginning of the 2000s (Lazar et al., 2008).
This area is also exposed to sewage run-offs, the effects of flash
floods, and the Kinnet Canal that bring nutrients into the local
meadows (Mejia et al., 2016; Winters et al., 2017). Sewage run
off contributed to approximately 150 tons of N per year during
the 1980s and 1990s, but almost stopped in 1995 (Lazar et al.,
2008). Recent stable nitrogen isotope work by Beca-Carretero
et al. (2020a) found inputs of anthropogenic-origin nutrients
(3'°N) and higher levels of NH4 in seawater in the NB than in
the SB alongside a higher annual signal of 3'°N in H. stipulacea
plants growing in the more impacted site (NB) compared with

the more pristine site (SB). These results indicate a potential
anthropogenic input of N in the seawater, which is reflected in
the plant content in the impacted site (NB), and together with
the light measurements and leaf morphometrics (detailed above;
Mejia et al., 2016; Beca-Carretero et al.,, 2020a) demonstrate a
difference between the two sites.

Experimental Set-Up
Six circular plots with a diameter of 2m were established at each
one of the four sites (S1-S4), at least 10 m apart from each other.
Three of these plots were used as control, while the other three
were enriched with slow-release fertilizer pellets (Osmocote®
Pro: 19% N - 3.9% P - 8.3% K, ICL Speciality Fertilizers). The
fertilizer contained nitrogenous compounds that were composed
of nitrate (6.3%), ammonia (8.2%) and urea (4.5%). Fertilizer
pellets were filled in 0.5 m long PVC tubes, which were hammered
approximately 20 cm into the sediment, delivering nutrients to
the below-ground and above-ground tissues (Worm et al., 2000).
Nine fertilizer filled PVC tubes were inserted in each nutrient
treatment plot resulting in an addition of approximately 1,170 g
of fertilizer per plot (Figure 2). All PVC tubes used in treatment
and control plots were previously drilled throughout their entire
length with 2mm holes to allow the flushing of seawater through
the tubes into the surrounding environments.

From each of the plots at all four sites, we measured
a number of target variables in July and December 2019
for assessing different levels of nutrient concentrations as
well as biological organization, ranging from biochemical and
morphological individual plant traits, to community level metrics
as outlined below.

Environmental Sampling

Water samples were taken with acid rinsed plastic syringes
(approximately 30 mL) at around 10 m depth above the seagrass
canopy of each plot on each site for nutrient analysis of the
surrounding water. Porewater samples were taken by placing
a syringe 5 cm deep into the sediment and carefully drawing
out water from interstitial spaces of the sediment to determine
porewater nutrient concentrations. Once on shore, water samples
were immediately filtered into HDPE vials using sterile syringe
filters (LABSOLUTE®; cellulose acetate; 0.45 pm pore size) and
stored on ice. Samples were frozen at —20°C upon arrival to the
laboratory on the same day of sampling and stored for further
analyses. Nutrient measurements for samples taken in July were
performed spectrophotometrically with a TECAN plate reader
(Infinite 200 Pro microplate reader; Switzerland) according to
Laskov et al. (2007). The detection limits were 0.08, 0.32, 0.7,
and 0.022 pM for NO,~, NOx (NO3;~ and NO,), NH,*,
PO43~, respectively. The NOy (NO3;~ and NO, ™) and NH,*
concentrations sum up to dissolved inorganic nitrogen (DIN).
The coefficient of variation was always <3.4%. The lower nutrient
concentrations from samples taken during December 2019 were
analyzed using a continuous flow injection analyzing system
(Skalar SAN+++System). The detection limits were 0.043, 0.094,
0.290, and 0.042 pM for NO,~, NOy (NO3~ and NO,7),
NHy4 T, and PO4>~, respectively. The coefficient of variation was
always <3.4%.
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FIGURE 1 | Overview of the northern Gulf of Agaba with our study sites. Shown here are the study sites within the marine protected South Beach area (S1 and S2)
and the study sites at the North Beach area (S3 and S4), which are exposed to anthropogenic pressures. S3 is close to a marina and S4 is close to an outlet draining
local agricultural fields and land-based fish farms (Winters et al., 2017). Seagrass meadow extent is indicated in green (adapted from Winters et al., 2017).

In addition to water samples taken within the plots, the water
quality of the different sites was assessed by taking water samples
directly above the seagrass canopy with a pre-rinsed 5-L Niskin
(HDPE) bottle. Collected seawater was immediately stored in
the dark on ice. Environmental parameters, such as salinity,
temperature, oxygen and pH were measured directly after
collection with a multi parameter probe (WTW Multiprobe).
Moreover, temperature loggers (HOBO Water Temp Pro v2)
were fixed to the main pole of plots 1 and 6 in the seagrass

meadows (ca. 10 m water depth) to record the water temperatures
hourly during the entire time of the experiment.

A defined volume of water was vacuum-filtered onto pre-
combusted (5 h, 450°C) Whatman® GF/F filters on return to the
laboratories of the Interuniversity Institute for Marine Sciences
in Eilat (IUI). Filters for chlorophyll a (Chl a) analysis were
immediately stored at —80°C, filters for organic carbon (Cyyg),
total carbon (C) and nitrogen (N) content were frozen at —20°C
until further analysis at the Leibniz Centre for Tropical Marine

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al.

Stress Indicators of Halophila stipulacea

FIGURE 2 | Overview of the study sites within the MPA South Beach (Left
side) and the North Beach (Right side) exposed to anthropogenic pressures.
The lower panel shows the set- up of the plots. Pictures: Upper panel, Dr.
MiS; lower panel left, MaS; lower panel right Julia Cerutti.

Research (ZMT) in Germany. Filters for suspended particulate
matter (SPM) determination were weighed prior to filtering.
Subsequently, filters were dried at 40°C for 48 h and the dried
filters were weighed again. Filters for C,r, C and N content
were divided in 4 equal pieces and one quarter was used for
each analysis. For Chl a analysis, filters were analyzed and
extracted in 80°C hot ethanol, following Welshmeyer (1994).
The supernatant was subsequently transferred into small vials
and Chl a concentrations were determined with a TD10AU-
Fluorometer (Turner Designs). The detection limit of this
method is 0.002 pg 1~ 1.

Percent Cover

Percent cover was measured by randomly placing a
25 cm x 25 cm quadrat in each plot and taking a picture
with an underwater camera. Pictures were analyzed with Coral
Point Count for Excel (CPCe; Kohler and Gill, 2006). 100 points
were randomly overlaid onto the images. Points intersecting with
the occurrence of seagrasses were counted as “hit” and used to
quantify the percentage of seagrass cover (0-100%).

Shoot Density, Biomass, and
Morphological Parameters

A biomass corer was used to sample above ground (AG) and
below ground (BG) seagrass biomass in July and December 2019
at SB and NB sites. Samples were taken with an open- ended,
standard PVC drainpipe with a diameter of 12.5 cm and a length
of 0.5 m. In each plot, biomass cores were taken by twisting
and hammering the corer approximately 10-15 cm into the
sediment. The contents of the biomass cores were transferred
underwater into diving mesh-bags and sediment was removed
carefully underwater. Upon arrival at the laboratory facilities of
the IUI in Eilat, biomass samples were carefully cleaned and all
sand, sediment particles and epiphytes were carefully removed.

Plant material from the core samples was separated into AG
(leaves) and BG (rhizomes and roots) plant compartments. Shoot
density was determined by counting the total number of shoots
in each biomass core sample and then normalizing these counts
per m?. Shoots that were examined for the presence of male
or female reproductive structures were counted separately and
the flowering percentage (no. of flowering shoots/total no. of
shoots x 100) was calculated (Malm, 2006; Nguyen et al., 2018).
AG and BG material was dried at 60°C for 48 h and then
weighed to determine AG and BG biomasses (g DW m~2) and
the above/below-ground biomass ratios (AG:BG).

Additionally, leaf and rhizome samples were taken from
each biomass core to evaluate shoot morphology. Internodal
distance of rhizome was measured for each plot (9 subsamples
per plot). From each subsample, intact and representative leaf
samples including the smaller, youngest shoot (3-14) were used
to measure leaf length, leaf width, leaf area and leaf area index
(LAI). The leaves were either scanned (Canon Lide 110 digital
scanner) or photographed. Leaf descriptors were measured with
Image] software (version 1.53a; Abramoff et al., 2004).

Plant Collection for Biochemical

Parameters

Several ramets were randomly collected at different locations
within each plot. AG and BG tissues were separated and
immediately frozen at —20°C until further analysis for AG and
BG nutrient content, stable carbon and nitrogen isotope analyses
(313C and 3!°N), as well as total non-structural carbohydrate
(NSC) reserves such as starch and sugars.

Carbon and Nitrogen Tissue Content and

Natural Stable Isotopes

Before analysis, the leaf and rhizome samples were freeze-dried
for 48 h at the ZMT’s facilities. The dried leaf and rhizome
tissues were ground and total C and N content was measured
using a Euro EA 3000 elemental analyzer (EuroVector) with
Acetanilid 5 (Hexatech) used as standard. Measurement accuracy
was ensured by repeatedly measuring standards with known C
and N concentrations (Low Soil Standard OAS 5; IVA). Carbon
and nitrogen contents were expressed as a percentage of dry
weight and the values were used to calculate the C:N ratios.
Percent tissue phosphorus was analyzed using the wet alkaline
persulphate digestion technique method on a TECAN M200Pro
plate reader after Hansen and Koroleff (2009).

Stable isotopic ratios of carbon (8!*C/3'2C) and nitrogen
(8'°N/8'N) in samples were analyzed using a Finnigan Delta
Plus mass spectrometer coupled with a Flash EA 1112 elemental
analyzer. Results of isotopic composition in samples were
expressed as following:

8X(%O) = [(Rsample/Rreference) —1] x 1000, (1)

where X is either 3'°N or 'C, and R is the ratio of §'°N/3'4N for
nitrogen and 8!*C/8'2C for carbon. Reference materials AEA N1
and N2 (nitrogen) and USGS 24 and NBS22 (carbon) from the
International Atomic Energy Agency were used for calibration.
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The precision of the measurements was <0.06% for both C and
N isotopes. All 313C and 8!°N values were normalized to the
international standards of wheat flour (carbon [8'3C]: —27.21%;
nitrogen [81°N]: 2.85%0) and high organic sediment (carbon
[313C]: —26.07%o; nitrogen [3'°N]: 4.4%0).

Carbohydrate Reserves

Triplicate subsamples of the rhizomes were pooled and freeze-
dried for 72 h. Subsequently, the samples were ground with
mortar and pestle. The dried powder (0.02-0.03 g) was suspended
in 1.5 mL Milli-Q water and soluble sugars were extracted
from the ground dry tissues by vortexing and shaking for
15 min. Samples were centrifuged (13,000 rpm, 5 min) and the
supernatant was used for soluble sugar determination via the
Anthrone Assay (Viles and Silverman, 1949). Starch contents
(total non-structural carbohydrates) in the remaining pellets
were boiled in Milli-Q (10 min at 100°C) to gelatinize the
starch. Subsequently, samples were hydrolyzed by the enzyme
alpha-amylase (80 min at 80°C). The supernatant containing
oligosaccharides and/or glucose broken down by the enzyme was
taken and by boiling the sample material under acidic conditions
(addition of 96% H,SOy4) for 1.5 h at 100°C, the remaining
polysaccharides were broken down to glucose molecules.
Starch and sugar contents in the extracts were determined
spectrophotometrically (620 nm) using an anthrone-sulphuric
acid assay with a F200-Pro TECAN plate reader. Carbohydrate
concentrations were quantified as sucrose equivalents (Viana
et al.,, 2020) using sucrose calibration curves (Standard sucrose
99%, from Sigma-Aldrich). Samples of cellulose, glucose and
starch were used as reference samples.

Sediment Natural Stable Isotope
Composition

From each plot of the four sites, surface layer sediments were
collected in July and December 2019 in polystyrene Biological
Specimen Containers. After collection, samples were stored at
—20°C until further analysis.

Upon arrival at the ZMT, samples were dried at 60°C for
48 h and dry sediments were subsequently ground with a ball
mill. Ground samples were then acidified with 37% HCI vapor
to remove carbonates and stable isotopic composition measured
as described under Section 2.7.

Statistics

Statistical analyses were performed in R (R Core Team, 2019).
For the statistical analysis, we combined data for Site 1 and 2
(SB sites) together as low impacted condition and Site 3 and
4 (NB sites) together as high impacted condition. Although,
there were site- specific differences, we aimed to focus on large-
scale patterns and therefore only distinguished between the
environmental history of the two locations (i.e., SB vs. NB). Prior
to analysis, we subset our data to values that were collected in
July 2019 (start of the experiment) and December 2019 (end of
the experiment). Since the in situ fertilization treatment started
in July, it was assumed there was no nutrient treatment effect
in July. We used two linear mixed effects models (LMM). One

to determine if there were seasonal effects over the time of the
experiment (1). For this analysis, we only looked for changes in
the control plots over time and added site as a random effect.
The second linear mixed effects model was performed to look
at the differences between the conditions of the sites (high [NB]
and low [SB] impacted sites) in July (2) and December (3), the
effect of treatment- differences between fertilized and control
plots (4) as well as their possible interactions (5). We performed
both linear mixed effects models using the Ime4 function in R
(Bates et al., 2015). As fixed effects, we considered condition
(high or low impacted), treatment (fertilization and control) and
the interaction of condition and treatment. We added site as a
random effect to our linear mixed effects models to account for
the variability in sites within areas of different conditions (high
or low impacted). Differences in shoot densities and leaf numbers
among the sites were determined with a generalized linear mixed-
effects model (GLMM), specifically a negative binomial model
(link = log) because the data were counts and found to be over-
dispersed (Zuur et al., 2009). The GLMM was fitted using the
MASS package (Venables and Ripley, 2002). The results of the
models were considered to be significant with a p value < 0.05.
All models were validated visually with plots of model residuals
[fitted values vs. absolute residuals (homogeneity of variance), a
quantile-quantile (q—-q) plot (i.e., probability plot), comparing
the distribution of the standardized residuals to the normal
distribution (normality), and a lag plot of the raw residuals vs. the
previous residual (independence; Zuur et al., 2009)]. We assessed
the significance of each independent variable (or interaction) in
each model by using the likelihood ratio (LR) test that compared
models with our variables of interest to the null or reduced model
(Winter, 2013). To further support the results obtained by the LR
test, we identified the models that best predicted the changes in
seagrass indicators by minimum Akaike Information Criterium
with correction for small sample sizes (AICc), model ranking
and weighing (Burnham et al., 2011; Symonds and Moussalli,
2011). Models were considered the superior model if they had
the lowest AICc units (determining the model strength) as well
as the highest Akaike weight (AICcWt) which defines the weight
of evidence of each model relative to the null or reduced model
(Arnold, 2010).

Environmental parameters were analyzed separately for July
and December 2019 with the ANOVA aov() or Kruskal-
Wallis function in R, and a subsequent paired t-test with
holms correction (post hoc test) was performed to look
for significant differences between low (S1 + S2) and high
(S3 + S4) impacted sites.

RESULTS

Environmental Variables

Salinity ranged between 40.4 and 40.6 psu and pH ranged
between 8.22 and 8.23 with no significant differences between
sites (Table 1). Daily average water temperatures reached
its maximum on August 15th-16th 2019 for SB sites at
29.14 + 0.03°C SE and for NB sites at 29.07 £ 0.47°C SE at
approximately 10 m water depth (Figure 3). Temperatures over
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TABLE 1 | Environmental quality parameters in the seawater.

Variable n July 2019 December 2019

S1SB S2SB S3NB S4 NB S1SB S2SB S3NB S4 NB
Seawater
Chla 4 0.08 +£ 0.0 0.13+0.0 0.17 £ 0.0% 0.36 £ 0.1% n.a n.a n.a n.a
SPM 4 32.7+0.6 33.7+04 37.6 £ 4.3% 35.8 + 0.2% 323+0.5 320+ 0.4 32.6 £ 0.1% 34.2 +1.0%
Corg 4 46.1 £ 2.6 429+20 46.0 £ 6.6 58.0 £6.0 1072 £ 54 116.0+ 44 130.7+£11.4 1172+£6.5
C 4 211.2+£39.2 167.6 + 35.1 187.3+17.5 393.1 + 142.0 1245+7.0 133.4 £ 9.6 177.6 +£25.0 119.7 £ 6.0
N 4 26.7 £ 5.0 20.3 + 4.1 227+24 445 +£15.9 13.7 £ 0.8 122+ 1.0 22.0+2.7% 16.0 £ 0.6%
CN 4 242 +23 249+1.6 249 +1.1 26.3 +0.9 9.1+0.3 11.3+1.8 8.1 +£0.2% 7.5+ 0.4%
Salinity 1 40.5 40.6 40.4 40.5 40.5 40.6 40.4 40.4
pH 1 8.230 8.224 8.220 8.214 8.230 8.220 8.220 8.220

Water parameters from the GF/F filter samples (Chla, SPM, Corg, C and N) are reported in g I=". Salinity is reported in psu. % indicates significant differences between

impacted (NB) and non-impacted (SB) sites.

29
5’3 28
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24 -
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FIGURE 3 | Daily average water temperatures measured at the South Beach
(sites 1 and 2) and North Beach (sites 3 and 4) sites at approximately 10 m
water depth recorded from 18.07-09.12.2019 (DOY = Day of the Year). The
dashed line at 29°C indicates the physiological threshold, beyond which

H. stipulacea plants were found to reduce growth rates, leaf sizes and the loss
of shoots (Nguyen et al., 2020; Viana et al., 2020).

29°C persisted for 15 consecutive days in SB Site 1, for 30 days
in SB Site 2, for 8 days in NB Site 3 and for 6 days at NB Site
4. From mid-August onward, temperatures began to gradually
decrease, reaching their minimum values of approximately 24°C
in December 2019.

In July 2019, there were no significant differences in N
and C content of water column particulates. However, both
chla and SPM concentrations were higher in the NB sites
(Table 1 and Supplementary Table 1). In December, NB sites had
significantly higher particulate N content in the water column
and lower C:N than SB sites (Table 1 and Supplementary
Table 2). Moreover, both NB sites had significantly higher
concentrations of SPM in the water column (Table 1 and
Supplementary Table 2).

TABLE 2 | Inorganic nutrient concentrations in the seawater and porewater in
control and fertilized plots, expressed in wmol I=7.

Nutrients Site July 2019 December 2019
Control Fertilized
SEAWATER
DIN North Beach  1.34 £0.08  0.17 £ 0.06 0.35 +£0.10
South Beach  0.86 £0.06  0.55+ 0.14 0.92 +£0.30
NH4 North Beach  0.89 £0.28  0.17 £+ 0.06 0.27 +£0.07
South Beach  0.69 4+ 0.05 0.37 £ 0.11 0.52 +0.22
NOx North Beach  0.45+0.05 0.10 £ 0.07 0.08 £ 0.06
South Beach  0.17 +£0.08  0.13 &+ 0.09 0.563 + 0.22
NO2 North Beach  0.17 £+ 0.03 0.01 +£0.02 0.01 +£0.02
South Beach  0.11 £0.08  0.03 + 0.02 0.03 £0.02
PO,48~ North Beach  0.19 £0.03  0.22 £+ 0.03 0.21 +£0.02
South Beach  0.15+0.02  0.19 4+ 0.02 0.23 & 0.06%
Si North Beach n.a 0.47 £0.10 0.35 +£0.11
South Beach n.a 0.00 £ 0.00 0.00 + 0.00
POREWATER
DIN North Beach  6.00 £0.13  1.95 £ 0.26 5.38 + 0.49
South Beach  7.50 £0.18  3.68 + 0.37 518 +£0.44
NH,* North Beach  5.69 £0.13  1.48 £0.26 4.72 +£0.49
South Beach  6.89 £0.17  6.53 + 0.54 4.28 +0.49
NOx North Beach  0.30 +£0.03  0.47 +£0.10 0.67 +£0.09
South Beach  0.60 +£0.05 0.73+0.16 1.28 + 0.14%
NO, North Beach  0.40 +£0.04  0.05 + 0.03 0.07 &+ 0.02
South Beach  0.65+0.05  0.08 + 0.05 0.15 £ 0.06
P04~ North Beach  1.52 +0.09  0.56 &+ 0.09 0.56 + 0.09
South Beach  2.35 4+ 0.09 1.15+£0.12 2.35 + 0.32%
Si North Beach n.a 26.57 + 0.71 26.12 + 0.66
South Beach n.a 13.35 + 0.47 14.58 + 0.34
% indicates  significant  differences  between impacted (NB) and
non-impacted (SB) sites.
There were no significant differences in nutrient

concentrations in the water column and the porewater
between SB and NB sites (Table 2). However, fertilized
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plots in the SB sites were significantly enriched in porewater
P (B = 1.19; SE = 0.51; df = 16; ¢t = 2.32; p = 0.0338) and N
compounds (NOx; B = 0.38; SE = 0.22; df = 19; t = 1.744;
p =0.0973) as well as P in the water column ( = 0.02; SE = 0.01;
df = 19; t = 2.44; p = 0.0249), confirming that our fertilization
was successful.

Sediment Natural Stable Isotope

Composition
There were no significant differences in 3'3C isotopic
signatures of sediment contents between low (SB) and high
(NB) impacted sites in July and December 2019 (Table 3).
However, 3'°N isotopic signatures of sediment contents
were lower in the SB sites in both, July and December 2019
(Supplementary Table 5). 8!°N isotopic signatures of Site 4
(NB) were even two to three times higher than the SB sites
(Supplementary Table 4).

Sediment 3!3C isotopic contents increased significantly from
July to December (Supplementary Table 5). Fertilization had no
effects on §!°C and 8!°N isotopic signatures in sediments.

Changes Between Seasons (July 2019
and December 2019) and With
Fertilization
Percentage Cover, Shoot Density, and Biomass
Seagrass cover was higher at the SB meadows in July 2019,
but increased significantly from July to December at both
locations (Figure 4 and Supplementary Tables 6A, 7). Shoot
density did not differ significantly between meadows in
the South and North Beach in July 2019 (Supplementary
Table 3). However, shoot densities showed a trend of being
higher in NB sites in both July and December. From July
to December 2019, shoot density was declining within both
locations in control plots (Supplementary Table 7), but increased
significantly in plots that had been fertilized (Figure 5 and
Supplementary Table 6B).

Aboveground (AG) biomass was significantly higher in NB
meadows in July 2019 (Supplementary Table 7C). However,
both the AG and belowground (BG) biomasses decreased

TABLE 3 | Mean (+SE) values of sediment isotope composition from the
anthropogenically impacted sites (North Beach) and low impacted sites (South
Beach) in control (n = 6) and fertilized (n = 6) plots.

Isotopic Site July 2019 December 2019
composition
Control Fertilized
315N North Beach 3.32+0.35 3.43 +0.45 3.51 +£0.49
South Beach  1.85+0.30% 1.08 £0.36%  0.83 & 0.46%
313C North Beach —16.00 + 1.00 —15.12 + 0.267 —15.03 +0.15

South Beach —14.77 4 0.66 —14.45 + 0.12 1 —15.21 + 0.47%-

3'3C and 8'°N are expressed as parts per thousands. % indicates significant
differences between impacted (NB) and non-impacted (SB) sites. 1 indicates
significant seasonal differences between July and December, and < indicates
significant differences between control and fertilized plots.

Impacted Control Fertilized
O(NB) =
° Non-Impacted
100 A (SB)
N T
> 754
3 * i ‘
g |
© 501
)
o
25
O -
Longte'rm Site Chang'e After Chang'e After
Condition Summer Summer &
(Ju]y) (December) Fertilization

FIGURE 4 | Meadow cover (%) (mean =+ SE) of fertilized and control plots in
July 2019 and December 2019 and * shows significant differences between
impacted (NB) and non-impacted (SB) sites.  indicates if there were
significant seasonal differences between July and December.
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6000 -
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& (SB)
]
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o
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0] “’ -
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FIGURE 5 | Shoot densities [shoots m?] (mean + SE) of fertilized and control
plots in July 2019 and December 2019. T indicates if there were significant
seasonal differences between July and December and - indicates if there
were significant differences between control and fertilized plots.

significantly over the course of the experiment at NB and SB
sites (Figure 6 and Supplementary Table 7). By December
2019, AG and BG biomass were both significantly higher at
NB sites (Supplementary Tables 6C,D). Moreover, fertilization
led to a significant increase in AG and BG biomass with
a more pronounced increase at NB sites. The AG:BG ratio
was lower in SB meadows in July 2019, but did not change
over the course of the experiment or with fertilization
(Supplementary Table 6E).

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al. Stress Indicators of Halophila stipulacea
200 A o'(’;l‘g?ded H Control M Fertilized 200 - o'(mg?ded M Control M Fertilized
° Non-Impacted ° Non-Impacted
(SB) (SB)
S 1501 S 1501
o + o
2 E 3 o) +
n (2]
& 100 A % 100
: ;
& . & * t
2 w0f § ¢ 2 o -
* |+ T t
¢ t
0 - 0 A
Longte'rm Site Chang'e After Chang'e After Longte'rm Site Chang'e After Chang'e After
Condition Summer Summer & Condition Summer Summer &
(July) (December) Fertilization (July) (December) Fertilization
FIGURE 6 | Average below and above-ground biomasses (+SE) from the H. stipulacea biomass cores (n = 12) of control (n = 6) and fertilized plots (n = 6) in July
2019 and December 2019. % indicates significant differences between impacted (NB) and non-impacted (SB) sites. ' indicates significant seasonal differences
between July and December, and - indicates significant differences between control and fertilized plots.

TABLE 4 | Mean (+SE) values of morphological traits from H. stipulacea biomass cores (n = 12) in the anthropogenically-impacted sites (North Beach) and low impacted

sites (South Beach) in control (n = 6) and fertilized (n = 6) plots.

Morphological traits Site July 2019 December 2019
Control Fertilized
Number of leaves per m? North Beach 9180.79 + 869.42 2716.21 + 311121 5595.39 + 1010.49+
South Beach 8571.04 £ 1542.55 3558.24 + 1025.061 5622.56 + 1628.50++
% apical shoots North Beach 13.30 + 0.85 23.72 £ 1.72 156.10 £ 2.39
South Beach 28.23 £ 2.01% 22.55 + 5.63 2524 + 3.46
Leaf length North Beach 432 +£0.05 412 +£0.13 4.67 £ 0.08+
South Beach 2.80 £ 0.06% 2.86 £ 0.10% 2.86 £ 0.07%-+
Leaf width North Beach 1.06 + 0.02 1.09 + 0.04 1.25 + 0.03+
South Beach 0.73 £ 0.02% 0.71 £ 0.03% 0.63 £ 0.03%--
Leaf area North Beach 2.92 +0.06 2.82+0.15 3.45 £ 0.10+
South Beach 1.19 £ 0.05% 1.28 £ 0.07% 2.32 £ 0.32+
LAl North Beach 3.29 +£0.06 317 £0.17 3.80 £ 0.13+
South Beach 1.34 £ 0.02% 1.44 £ 0.08% 2.60 £ 0.36+
Internodal distance North Beach 10.44 £ 0.14 9.61 + 1.18F 9.62 + 0.28+
South Beach 8.44 + 0.19% 9.40 + 0.35%" 9.05 £ 0.37%-+-
% reproductive shoots South Beach- S1 41.73 +£9.93 0.00 + 0.00 0.00 + 0.00
South Beach- S2 8.31£234 0.00 £+ 0.00 0.00 £ 0.00
North Beach- S3 7.74 £5.99 0.00 £ 0.00 0.00 £ 0.00
North Beach- S4 6.13 £ 1.34 0.00 £ 0.00 0.00 £ 0.00

Leaf length, leaf width, and leaf area per shoot are expressed in cm and internodal distance in mm, while LAl is expressed as m? leaf area per shoot x shoot density per
m~2. % indicates significant differences between impacted (NB) and non-impacted (SB) sites.t indicates significant seasonal differences between July and December,

and - indicates significant differences between control and fertilized plots.

Morphological Parameters

Low impacted sites (SB) had a higher percentage of apical
shoots in their shoot population in July 2019 (Table 4 and
Supplementary Table 8D). The number of leaves per m? was
not significantly different in seagrass meadows from SB and NB
sites in July 2019, but decreased significantly in both locations
by December 2019 (Table 4 and Supplementary Table 9).

However, fertilization resulted in a significant increase in the

number of leaves independent of their location, but had no
significant effects on percentage of apical shoots (Table 4 and
Supplementary Tables 8A,D).

Seagrass plants growing in meadows at SB had significantly
smaller and thinner leaves as well as a smaller leaf area and
LAI than plants growing in NB in July and in December
2019 (Supplementary Table 9). The additional nutrient input
resulted in even smaller and thinner leaves in plots at the SB
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sites, whereas fertilization had a positive impact on leaf length
and width of plants in plots at the high impacted NB sites
(Supplementary Tables 8B,C).

Seagrasses from the SB sites had significantly smaller
internodal distances at the beginning and at the end of the
experiment (Supplementary Table 8F). Over the course of the
experiment, internodal distances were significantly reduced in all
plants from both locations (Supplementary Table 9). Internodal
distances of seagrasses from SB decreased even further due to
fertilization. This is contrary to plants from the NB, where
internodal distances increased in response to in situ fertilization
treatment (Table 4 and Supplementary Table 8F).

Reproductive shoots were only observed in July 2019 with
higher percentages in the SB Site 1 (Table 4). Male reproductive
shoots (0.01% of 41.73% reproductive shoots) were only
found in SB Site 1.

Carbon, Nitrogen, and Phosphorous Content and
$13C and §1°N Stable Isotopes

There were no differences in leaf C, N, P, and C:N of H. stipulacea
plants between the SB and NB meadows in July and later in
December 2019 from control plots (Table 5). Leaf C content and
leaf C:N decreased significantly over the time of the experiment
in both locations (Supplementary Tables 10A,B).

Rhizome tissue of seagrasses in the low impacted SB sites had
significantly lower nitrogen content and higher C:N ratios in July
2019 (Supplementary Tables 10E,G). Moreover, plants from the
SB had lower P contents in their rhizomes in the beginning and
in the end of the experiment (Supplementary Table 10H).

Rhizome N content increased significantly over the course
of the experiment and as a response the C:N of rhizomes
decreased significantly in all sites (Supplementary Table 11).
Plants from the low impacted sites had still significantly higher
rhizome C:N as well as higher C contents in December than their
H. stipulacea counterparts from the NB site (Supplementary
Tables 10E,F). Fertilization resulted only in significantly lower
C:N in rhizome tissues of seagrasses from both locations
(Supplementary Table 10E).

Plants from SB meadows had significantly lower §'*C isotopic
signatures in leaves and significantly lower 3!°N isotopic
signatures in rhizomes than seagrasses from the NB sites in July
2019 (Table 5 and Supplementary Tables 12A,D). There were no
significant differences in 3'3C and 3'°N isotopic contents in both
leaf and rhizome tissues between plants growing in the SB and NB
sites in December 2019 (Table 5). However, leaf and rhizome §!3C
as well as leaf 3'°N isotopic contents significantly decreased from
July to December within both sites (Supplementary Table 12E).
Fertilization resulted in a significant decrease of §!°N isotopic
signatures in both leaf and rhizome tissues in SB and NB sites.

Non-structural Carbohydrates
The main form of NSC was sucrose in the rhizome tissues,
whereas starch was the more dominant NSC in the leaf tissues.

Leaves

Plants growing in the SB sites had significantly higher starch and
sugar contents in their leaf tissues at the beginning and at the end
of the experiment (Figure 7 and Supplementary Tables 13A,B).

Rhizomes

Sugar and starch contents did not differ between seagrass
meadows from NB and SB sites at the start of the experiment.
However, sugar was the dominant form of NSC in rhizome tissues
of NB plants whereas SB plants had higher starch contents in
their rhizomes tissue by December. Starch content in rhizome
tissues of seagrasses growing in the SB sites was significantly
higher at the end of the experiment than the one of plants
growing in the NB (Figure 7 and Supplementary Table 13D).
Fertilization resulted in a significant reduction of sugar contents
in the rhizomes of seagrasses from both locations (Table 5 and
Supplementary Table 13C). Moreover, starch concentrations in
the rhizomes of SB plants also showed a decreasing trend with
fertilization (Supplementary Table 4).

Principal Component Analysis (PCA)

Principal component analysis were performed for the two
different sampling months, July and December. In July, the
first two components of the PCA explained roughly 50% of
the variability (Figure 8). Seagrass plots that were assigned
to the two treatments (fertilized and control) did initially not
differ from each other at the start of the experiment in July
2019. However, there was a distinct difference between the two
locations, NB and SB. Also, plots from each of the four sites
clustered together, but the two sites within one location (S1 + S2
and S3 + S4) slightly overlapped, showing that they are similar
to each other. SB sites were characterized by higher porewater
nutrient concentrations, percent cover, starch content in their
rhizomes and roots and higher 3'3C isotopic contents in their
sediments. NB sites were characterized by larger leaf length,
width, LAI and internodal distances as well as increased nutrient
content (%N, %C, and P content) and sugar concentrations in
their rhizomes and roots. Moreover, plants in the NB sites were
related with increased AG and BG biomass, higher AG:BG ratios
and were enriched in 8!°N isotopic contents in their rhizomes as
well as in their sediments.

In December, SB and NB sites were clearly separated as well
as the control and the fertilized plots, although these latter plots
showed some slight overlap (Figure 9). The first two components
of the PCA explained more than 50% of the variability. Plants
growing in the SB were related with higher sugar concentrations
in their rhizomes and roots and higher 8!*C isotopic contents
in their sediments. SB plants from control plots were also
characterized by higher starch concentrations in their rhizomes
and higher 3'°N isotopic contents in their rhizomes, while SB
plants in fertilized plots were associated with a higher percentage
of apical shoots in their shoot populations and higher porewater
P and N compounds.

On the other hand, plants from fertilized plots in the NB sites,
were positively correlated with increased AG and BG biomass
and higher P content in their rhizome and roots as well as
larger leaf length, width and LAI. Seagrasses from fertilized
plots in the impacted NB sites were positively correlated with
higher AG:BG ratios as well as increased shoot densities and
percent cover. Seagrasses from control plots in both sites were
positively correlated with higher rhizome and root tissue nutrient
content (%C and %N).
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TABLE 5 | Mean (+SE) values of biochemical traits from H. stjpulacea shoots from the anthropogenically impacted sites (NB) and low impacted sites (SB) in control

(n = 6) and fertilized (n = 6) plots.

Biochemical traits Site July 2019 December 2019
Control Fertilized
Leaf C North Beach 23.60 + 0.58 20.35 + 0.30" 20.47 +£ 0.41
South Beach 24.76 + 0.41 21.18 + 2.47F 23.95 +2.07
Rhizome C North Beach 27.15+0.28 24.81 +£0.49 24.37 £ 0.94
South Beach 26.04 +0.72 26.36 + 2.75% 20.69 + 0.40
Leaf N North Beach 1.03 +£ 0.02 1.02 £ 0.03 1.19+£0.04
South Beach 1.04 £ 0.04 1.10 £ 0.22 1.27 £0.18
Rhizome N North Beach 0.583 +0.038 0.95 + 0.12t 1.31 £ 0.17
South Beach 0.36 + 0.02% 0.93 + 0.50t 0.64 +0.08
Leaf 3'3C North Beach —6.80 £ 0.12 —7.88 +0.30F —8.07 £ 0.29
South Beach —6.85 4+ 0.13% —8.22 + 0.99t —-9.57 £1.16
Rhizome §'3C North Beach —7.40 +£0.13 —7.78 + 0.28t —8.20+0.35
South Beach —7.34 £0.16 —8.51 + 0.96" —7.66 +£0.13
Leaf §'°N North Beach 2.09 +0.26 1.16 + 0.38" —2.38 4+ 0.40+
South Beach 1.37 £0.18 0.33 + 0.93t —0.52 £ 1.77+
Rhizome 8'°N North Beach 1.28 +0.24 0.58 +£0.38 —4.15 + 0.46++
South Beach 0.75 + 0.16% 0.68 +1.15 —4.62 £+ 0.50+
Leaf C:N ratio North Beach 22.99 + 0.52 20.02 + 0.70% 17.25 £ 0.57
South Beach 2417 +0.65 20.50 + 1.62F 19.50 +£1.07
Rhizome C:N ratio North Beach 52.59 +2.88 28.69 + 4.42F 20.63 + 3.30+4
South Beach 74.76 + 3.57% 49.54 + 8.72%t 35.07 + 4.30%--
Leaf P North Beach 1499.22 + 133.35 1515.46 + 162.22 1580.18 + 236.69
South Beach 1171.68 £ 132.54 1310.87 £ 191.34 1244.18 £+ 249.36
Rhizome P North Beach 1704.03 + 50.10 1854.39 + 208.95 1837.99 + 198.91
South Beach 986.41 + 69.35% 793.81 + 131.69% 802.34 + 197.99%
Leaf starch North Beach 56.46 + 3.74 4431 £4.10 40.99 + 2.99
South Beach 88.47 + 6.20% 82.75 £+ 23.34% 62.08 £+ 3.32%
Leaf sucrose North Beach 25.00 + 1.78 22.80 + 1.49 23.00 £ 1.76
South Beach 52.28 + 5.29% 37.67 + 4.23% 34.00 + 3.69%
Rhizome starch North Beach 74.46 £4.79 44.41 £ 4.71 49.11 + 4.61
South Beach 80.31 + 4.01 83.05 + 14.71% 68.71 + 4.41%
Rhizome sucrose North Beach 121.00 £+ 8.31 88.15 +£ 18.97 55.00 £+ 14.204
South Beach 113.88 + 8.01 109.77 + 26.41 72.00 4 17.58+-

C and N contents are expressed as percentages, while 8'3C and 8'°N are in parts per thousands. P content is shown in wg g~ and starch as well as sugar contents
are expressed as sucrose equivalent mg per g dry weight. % indicates significant differences between impacted (NB) and non-impacted (SB) sites. indicates significant

seasonal differences between July and December, and - indicates significant differences between control and fertilized plots.

DISCUSSION

Our experimental design investigating changes in morphological,
biochemical, structural and population level traits proved useful
for the identification of indicators for nutrient stress in the
tropical seagrass H. stipulacea in its native range (northern
GoA). It is likely that the effects of fertilization would have
resulted in more significant changes in our chosen seagrass
indicators if further temporal and spatial replication would
have been possible. Despite these limitations, our approach
was successful for highlighting the different responses to
eutrophication among H. stipulacea meadows growing under
different levels of anthropogenic pressures (Mejia et al., 20165
Winters et al., 2017), while enduring summer temperatures
that were higher than normal, and which potentially surpassed

the threshold for H. stipulacea’s optimal growth (Nguyen
et al, 2020). Our findings provide a good example of the
response of a fast-growing opportunistic seagrass species
undergoing various levels of local anthropogenic stressors
and clearly show the difference to responses of a large-
bodied, slow growing seagrass species in a previous study
(Helber et al., 2021).

To better compare and visualize the changes in population
level metrics and individual plant morphological and biochemical
traits that occurred over the season and with the fertilizer
treatment, we summarized the most important indicators in
Table 5. Population metrics of plants from both locations
showed generally negative trends. However, the effects of
fertilization were strongly dependent on the meadows
location and/or contrasting levels of eutrophication history.
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Fertilization had mainly positive effects on plants from the
NB, often resulting in antagonistic effects from seasonal
differences, possibly due to temperature stress. In contrast,
fertilization negatively affected seagrasses from SB, reinforcing
the negative trends of seasonal changes or temperature
stress (Table 6).

Halophila stipulacea populations from the NB and SB sites
showed different responses to in situ fertilization even though
these two sites are geographically rather close (6-8 km). The
in situ fertilization treatment, simulating chronic eutrophication
had mainly negative effects on seagrass plants from the SB sites,
a marine protected area, while H. stipulacea populations from
the anthropogenically impacted NB sites benefited for the most
part from the additional nutrient input (Table 6). Lower AG
and BG biomasses, reduced LAI, smaller internodal distances,
high sexual reproductive effort and the increasing occurrence
of apical shoots in seagrasses from SB sites might indicate
that the H. stipulacea plants are stressed or not growing under
optimal conditions at the SB sites. The addition of fertilizer in
the SB sites seemed to have pushed plants even further away
from their optimal conditions as shown by the reductions in
AG and BG biomass and internodal distances. Indeed, these

differences between the two sites might suggest yet again that
the SB region might not represent the ideal environment for
H. stipulacea plants, as hypothesized by Mejia et al. (2016)
and Beca-Carretero et al. (2020a). While a population genetics
study has so far not been conducted in the northern GoA,
genotypic selection of H. stipulacea plants that are able to
grow within eutrophic conditions in the NB sites might have
resulted in the locally adapted populations from the NB as
demonstrated for other seagrasses growing in areas under high
disturbances (Diaz-Almela et al.,, 2007; Arnaud-Haond et al.,
2010; Connolly et al., 2018).

However, plants from the NB sites might experience negative
effects by the reduced light penetration in the future as an
indirect effect of increasing nutrient pollution. First signs of a
compromise in the plants’ carbon balance could be detected
by a strong decrease in their rhizome’s starch contents. Thus,
we identified carbohydrate reserves in leaves and rhizomes,
LAIL internodal length, reproductive effort and percentage of
apical shoots as suitable indicators for stress in this seagrass
species in its native range. Additionally, light penetration at
sites that receive high nutrient inputs should be monitored.
Even more important would be to monitor the maximal depth
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boundaries, which would be directly related to the local water
quality (Nielsen et al., 2002).

Environmental Conditions Across Sites

Unexpectedly, we did not find any significant differences in
water and porewater nutrient concentrations between the SB
and NB sites. Higher nutrients at the SB could be related
to the neighboring coral reefs, which may add additional
nutrients to the area (Silverman et al., 2007; Mejia et al., 2016).
Water column nutrient concentrations might not have shown
differences between the sites because of the prevailing current
regimes. The current in the GoA moves southwards on the
western coast leading to a faster dilution of nutrients in the
North Beach and at the same time accumulating a higher
amount of nutrients in the South Beach (Abelson et al., 1999).
Moreover, biogeochemical differences in sediment characteristics
(NB, muddy and dense; SB, sandy and loose) and different
composition in sedimentary benthic faunal communities might
have influenced nutrient dynamics at both sites (Gilad et al,,
2018). While we did not find any proof of nutrient enrichment
in the water samples of the fertilized NB plots, we did, however,
find that fertilized plots in the SB sites were significantly enriched
in porewater P and N compounds as well as P in the water
column, confirming that our fertilization was successful. The fact
that the 8!1°N isotopic signatures in the tissue samples decreased
in fertilized plots in the NB and SB sites, further confirms that
the fertilization was successful in both sites (detailed below;
Table 5). Previous studies (Armitage and Fourqurean, 2009;

Teichberg et al., 2013) measured lighter 8'°N isotopic signatures
in macroalgae and seagrasses in response to the addition of
artificial fertilizer, which have 8!°N isotopic signatures close to
0%o (Fourqurean et al., 2005). These results suggest that sampling
of water column and porewater nutrients would have probably
required a more substantial spatial and temporal sampling in
order to detect the effects of the fertilizer addition. It has been
shown in previous studies that rapid dilution processes and high
phytoplankton grazing resulting in a fast transfer of dissolved
nutrients through the food web to higher trophic levels makes it
harder to detect signs of eutrophication (Dalsgaard and Krause-
Jensen, 2006; Pitta et al., 2009).

The highest temperatures were observed in August with
daily average values of 27.88 + 0.07°C SE at the NB sites and
28.33 £ 0.07°C SE at the SB sites at around 10 m water depth.
In situ monitoring of water temperature measured at 2 m depth
on the IUT’s pier confirms that August 2019 water temperatures
were 1.0-2.5°C warmer than temperatures normally measured
during this month over the last 11 years (the Israel National
Monitoring Program at the Gulf of Eilat — Available Data, 2020).

The Morphological and
Community-Level Responses of

H. stipulacea Populations to in situ
Fertilization

Before we started our experiment in July 2019, there were no
significant differences in shoot densities between seagrasses from
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SB and NB sites. However, meadow cover was higher in SB
sites in the beginning of the experiment, but by December
there were no differences in meadow cover between SB and
NB sites. Plants from the NB sites produced more AG biomass
than SB plants, most likely caused by the larger leaves of plants
growing in the NB sites (2.92 £ 0.06 cm?) compared with the
leaf sizes of plants growing in the clearer waters of the SB sites
(1.19 £ 0.05 cm?) (Table 4; Mejia et al., 2016; Rotini et al,
2017). Seagrasses from NB populations have adapted to their
low irradiance environment and high water turbidity and as a
response produced longer and wider leaves resulting in a higher
leaf surface area and LAI, as also reported in recent studies
(Mejia et al., 2016; Azcarate-Garcia et al., 2020; Beca-Carretero
etal., 2020a). This adaptive efficacy helps to improve their carbon
balance by increasing their photosynthetically active surfaces
(Erftemeijer and Stapel, 1999; Ralph et al., 2007). Indeed, starch
content was high in leaf tissues indicating that H. stipulacea and
especially the NB populations store energy in the form of starch
in their leaves, which they can use for new leaf growth and for
enlarging their photosynthetically active surfaces.

The addition of fertilizer had different effects on seagrass
meadows from low and high impacted sites. Percent cover
and shoot density significantly increased in both sites as a
response to the additional nutrient input compared to control
plots. However, while the additional nutrient input resulted in
a significantly enhanced biomass production in plants from the

NB, there was only a small trend of an increase in biomass of
seagrasses growing in fertilized plots in the SB sites.

Individual Plant Responses as Indicators
of Stress

Morphological Traits

Internodal distances of plants growing in the SB sites were
smaller than the ones of seagrasses from the NB, and decreased
further with fertilization, probably as a response to nutrient
stress. Shorter internodal distances have been shown to be a
common response to environmental stress and might serve as
a proxy of increased shoot and/or root densities (Kilminster
et al, 2008; Holmer et al, 2011; Viana et al., 2020). This
is in accordance with seagrasses from the SB having shorter
internodal distances and investing more energy in roots than
in leaf formation, as shown by their reduced AG:BG ratio.
Seagrasses from the SB had a higher percentage of apical shoots
as well as reproductive shoots in their shoot population in July
2019. Reproductive shoots were only found in July and seagrass
populations at both locations were female-biased, confirming
previous studies (Malm, 2006; Nguyen et al., 2018). In their
review across thirty-two studies for 11 seagrass species, Cabaco
and Santos (2012) showed that an increase in sexual reproductive
efforts were strongly associated with responses to stress or when
plants are growing in unfavorable environments. Furthermore,
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TABLE 6 | Summary of significant differences in responses of the most important indicators affected by season and by the addition of fertilizer as well as their interactive

effects.
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Statistically significant effects on seagrasses from the high impacted sites in NB are represented by brown color while statistically significant effects on plants from the
low impacted sites in the SB, are represented by the green colors. The direction and size of the arrows represent the direction and strength of the effects, respectively.

Gray arrows represent trends that were not statistically significant (p > 0.05).

the predominant presence of apical shoots might also indicate
that the plants are not growing under optimal conditions at the
SB sites (as discussed above). There was a trend of a further
increase in apical shoots with fertilization at the SB sites, while
the opposite trend was observed in seagrasses from NB (Table 4).
It has been shown that plants exposed to stressors have a higher
number of apical shoots in their shoot population to secure the
persistence of their population (Ruocco et al., 2020). In this way,
seagrasses are able to spread and find more favorable habitats
(Meinesz and Lefevre, 1984; Ruocco et al., 2020).

Moreover, seagrasses from SB had smaller and thinner leaves
and a smaller LAI. LAI combines individual plant traits (leaf
area and number of leaves) with population level metrics (shoot
density) that have been shown to decrease in response to
anthropogenic pressures (Guidetti, 2001; Leoni et al., 2006;
Karamfilov et al., 2019; Kletou, 2019; Zulfikar and Boer, 2020).
LAI was found to be the most significant determinant of
ecosystem primary production and negative changes might

thus have devastating impacts on seagrass ecosystems such as
impairing their carbon sequestration capacity (Asner et al., 2003;
Barr et al., 2004; Saigusa et al., 2005; Wang et al., 2019).

Nutrient Content and Isotopic Signatures (3'°N and
8130)

Seagrasses from both NB and SB sites seem to be N- limited
in the oligotrophic conditions of the GoA, since %N in leaves
and rhizomes was well below 1.8% DW as previously reported
(Duarte, 1992; Cardini et al., 2018; Beca-Carretero et al., 2020a).
The N as well as P contents were also significantly lower
in rhizomes of plants from the two SB sites, suggesting that
NB sites receive higher nutrient inputs than the protected
SB sites. Additionally, seagrass tissues from NB sites were
markedly enriched in §°N in both their leaf and rhizome
tissues (Supplementary Table 4). Seagrasses from fertilized plots
in December were markedly depleted in §'°N in both their
leaf and rhizome tissues (Supplementary Table 4), further
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confirming the fertilization success as synthetic fertilizers have
815N signatures ranging from —2%o and 2%q (Bateman and
Kelly, 2007). Sedimentary 3°N was shown to be a more
reliable indicator for changes in anthropogenic pressures and the
exposure to sewage effluents was reflected in 8'°N values of 4-
6%0 which were measured in sediments of Site 4 in the NB area
(Supplementary Table 4; Ruiz-Ferndndez et al., 2002; Lapointe
et al., 2004; Roman et al., 2019). In contrast, plants from the two
SB sites had significantly lower 3'°N isotopic signatures in their
underlying sediments. This further indicates that the NB plants
might be exposed to land-based anthropogenic nutrient inputs
[suggested also by Winters et al. (2017) as N content in seagrass
tissue was shown to be an indicator for their long-term nutrient
exposure (Udy et al., 1999; Fourqurean et al., 2006; Mejia et al.,
2016; Beca-Carretero et al.,, 2020a)]. This area is also exposed
to sewage run-off, the effects of flash floods, and the Kinnet
Canal that bring nutrients into the local meadows (Mejia et al.,
2016; Winters et al., 2017). In July as well as in December we
found higher SPM concentrations in the water column of the NB
meadows. Higher nutritional content of leaves resulted often in
increased consumption rates of herbivores and leaf palatability
was observed to be greater under chronic nutrient pollution
and in combination with warming and acidification (Jiménez-
Ramos et al., 2017; Campbell et al., 2018; Ravaglioli et al., 2018).
However, mesograzers (such as small crustaceans) were shown to
buffer eutrophication effects by consuming epiphytic algae that
would otherwise overgrow seagrass leaves and compete with the
plants for light and nutrients (Heck et al., 2006; Reynolds et al.,
2014). We did not measure grazing pressure and/or quantify
herbivore communities at SB and NB sites. However, grazing
activity might be indeed higher at NB sites as those seagrasses
had a significantly higher percentage of leaves with lost apex
(Mejia et al., 2016).

The long-term exposure to nutrients in the NB area, caused
not only by the proximity of the hotel strip and marina, but
also by the sporadic sewage run-offs and winter flash floods
(Katz et al., 2015; Winters et al., 2015), might have resulted in
creating a rather nutrient “spoilt” H. stipulacea population, that
is always in demand for even more nutrients. Plants growing
in those sites seem to benefit from the additional nutrients
since their N demands are not met in their environment. Our
results are in agreement with previous studies in the Caribbean
showing that H. stipulacea is able to form extremely dense mats
under increased nutrient conditions even in sulfidic sediments
(van Tussenbroek et al., 2016).

Carbohydrates

Plants from SB had higher starch concentrations in their
rhizomes by December 2019. In contrast to plants from NB,
fertilization seemed to negatively impact seagrasses from SB,
resulting in a small decrease of SB plant’s rhizome starch content
of around 14%. The considerable depletion of rhizome starch
contents (reduction of 35-40%) 5 months after the summer
heat peak in H. stipulacea populations in NB might have
been the result of the constrained light penetration during the
summer months on these sites as evidenced by the higher
water turbidity (Supplementary Figure 1) and the higher chl a

concentrations measured (Roca et al., 2016; Krause-Jensen et al.,
2020; Supplementary Figure 1). Under low light availability,
plants do not meet their energy demands through photosynthesis
and need to use up their carbohydrate reserves (Alcoverro
et al, 2001; Ruiz et al, 2001). Additionally, future warming
(already occurring in the northern GoA; Fine et al, 2013;
Nguyen et al., 2020) will likely further increase respiration rates
(Ryan, 1991; Rasmusson et al., 2020), thereby increasing the light
requirements of H. stipulacea populations in NB. This might
cause a negative C budget which might lead in the future to
a further depletion of their carbohydrate reserves (Lee et al.,
2007; Beca-Carretero et al., 2018; Krause-Jensen et al., 2020).
In addition to the remobilization of carbohydrates, seagrasses
are able to cope with reduced light availability by increasing
their rate of carbon fixation per unit biomass as shown in the
morphological adaptations (longer and wider leaves) and by
the increased photosynthetic pigment content of plants growing
in NB sites (Mejia et al., 2016; O’Brien et al., 2018a). These
populations receive less light than seagrasses growing in the SB;
however, the light reduction at 10 m is not too limiting as the
meadows reach down to 30 m depths (Winters et al., 2017) and
our plots were established at around 10 m depth.

Seagrasses growing in the low impacted SB sites also
experienced a depletion of their leaf sucrose content by 28-
35%, which has been considered a general indicator for
stress in different seagrass species (Roca et al., 2016). Recent
climate change simulations based on mesocosm studies have
shown that H. stipulacea populations from NB experienced
temperature stress and reduced fitness after a 2 weeks exposure to
temperatures of beyond the possible thermal threshold of 29°C,
resulting in reduced growth rates, leaf sizes and the loss of shoots
(Nguyen et al., 2020). Additionally, it was shown in a mesocosm
experiment with H. stipulacea from the Indian Ocean that 31°C
is above its thermal optimum (Viana et al, 2020). Maximum
temperatures close to those (29.7-30.4°C) have been reached at
10 m depth over the summer months (6-30 consecutive days
depending on the site) in 2019 in the northern GoA and may
be also a reason for the observed decrease in their rhizome
starch contents.

ECOLOGICAL IMPLICATIONS

Known for its ability to grow in a wide range of light conditions
(i.e., depths), salinities, temperatures, and substrates [reviewed
by Winters et al. (2020)], our findings show that H. stipulacea
is also able to acclimate to environments with different levels
of nutrients confirming its high plasticity (Viana et al., 2020;
Winters et al., 2020). This plasticity was mostly associated with
morphological and biochemical responses of H. stipulacea to the
experienced stressors. In addition to the response to the nutrients
themselves (i.e., the in situ fertilization treatment; discussed
above), changes in structural and demographic/population-level
traits occurred also as a response to different seasons. Nutrient
enrichment, as shown in our study, combined with summer
temperatures that surpassed the threshold for optimal growth,
had only negative effects on performance of plants from the more
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pristine SB sites, located within a marine protected area. Seagrass
plants growing in the protected SB sites showed first signs of
stress under the simulated eutrophication and high summer
temperatures by reduction in NSC, sugar (decline of 37%) and
starch (decline of 15%) contents of their rhizomes. Furthermore,
plants in SB demonstrated declining internodal distances and
an increase in the frequency of their apical shoots within their
shoot population, which are confirmed indicators for stress in
this and other seagrass species (Kilminster et al., 2008; Holmer
et al., 2011; Ruocco et al., 2020; Viana et al., 2020). Moreover,
LAI of NB populations was approximately twice as high as the
ones of H. stipulacea growing in SB at the same depth. LAI
in low impacted sites decreased even further with fertilization,
indicating that seagrasses from SB sites might suffer impairments
in their ecosystem functions, such as their carbon sequestration
capacity, under future scenarios that include eutrophication
of the oligotrophic GoA. In contrast, the limited response to
nutrient stress of H. stipulacea populations from NB suggests
that these populations are well adapted to the conditions in
this environment (low irradiance, high water turbidity and high
nutrients). The fact that NB populations perform even better
under the additional nutrient inputs further supports previous
suggestions of Cardini et al. (2018) and Beca-Carretero et al.
(2020a) that H. stipulacea living in these vast NB meadows is
actually N limited.

However, future studies should look into the genotypic and
genetic diversity of local meadows, as it has been shown that
reduced genotypic and genetic diversity might lead to constraints
in the future adaptive potential of plants, resilience to stress, and
sexual reproductive efforts (Linhart and Grant, 1996; Ehlers et al.,
2008; Tiffin and Ross-Ibarra, 2014). Rhizome starch contents
were significantly depleted (reduction of 35-40%) after the
summer heat peak in NB seagrasses, which might have been the
result of the constrained light penetration during the summer
months on these sites as indicated by the high water turbidity
and higher chl a concentrations in comparison to SB sites (Roca
etal,, 2016; Krause-Jensen et al., 2020; Supplementary Figure 1).
With the GoA being one of the region’s most popular tourist
attractions, alongside it being one of its strongest economic
growth engines, large coastal development projects are taking
place on both sides of the Gulf'. These ongoing and increasing
human activities so close to local H. stipulacea meadows may
further deteriorate water quality and light penetration. This needs
to be closely monitored as temperature maxima in the GoA
and their duration will increase in the future (Fine et al., 2013;
Nguyen et al., 2020) close to values that are not only above
their optimum growth temperatures, but even beyond their upper
thermal tolerance. Thus, nutrient loading from human related
activities might make seagrasses at the NB sites even more
sensitive to global warming in the future.

Together with recent mesocosm simulated climate change
experiments (Nguyen et al., 2020), the results of our study
demonstrate that global warming and increased coastal nutrient
pollution might lead to vast reductions of H. stipulacea
populations from the SB area. In contrast, seagrasses from the

'www.sarayaaqaba.com

NB area seemed to be mainly unaffected or performed even
better under the enriched conditions. These differences between
a stress sensitive population vs. a stress resilient population,
are similar to recent work on native (from the Red Sea) vs.
invasive H. stipulacea populations from Greece and Cyprus
(Nguyen et al., 2020; Wesselmann et al., 2020). Using a common
garden simulated thermal stress experiment, Nguyen et al. (2020)
showed that native H. stipulacea plants were negatively affected
in photo-physiological and growth responses by thermal stress,
while the invasive plants did not suffer and might have even
benefited from it.

Recent work by Chiquillo et al. (2018) used 2bRAD
genotyping (Wang et al., 2012) and found that genotypic diversity
of the invasive Mediterranean H. stipulacea populations was
lower than in the native populations in the GoA [further
indicating to a genotypic selection of the invasive population
as was also shown for Zostera muelleri in Moreton Bay,
Australia (Padfield et al., 2016; Connolly et al., 2018; Molina-
Montenegro et al., 2018)]. Invasive H. stipulacea populations
in the Mediterranean were even able to adapt their thermal
niche to the colder winter temperatures experienced in their
new habitat (Wesselmann et al., 2020). The ability for this
rapid evolutionary adaptation and to sexually reproduce in its
invasive habitat (Gerakaris and Tsiamis, 2015; Nguyen et al,,
2018) makes H. stipulacea an exceptionally strong competitor for
other macrophytes.

It was shown in recent mesocosm and field experiments
(Pazzaglia et al., 2020; Helber et al., 2021) that eutrophication
and higher temperatures will have detrimental effects on
P. oceanica, the dominating key foundation seagrass species in
the Mediterranean. Nitrogen load thresholds for this endemic
seagrass were identified to range between 0.8 and 1.1 t N km ™2
over 6 months (Fernandes et al, 2019). Especially in areas
where plants were already exposed to higher anthropogenic
pressures, P. oceanica activated strategies to cope with the
additional nutrient input that probably were energetically costly
as indicated by cutbacks in their carbohydrate reserves (Pazzaglia
et al, 2020; Helber et al,, 2021). In contrast, H. stipulacea
populations from NB in the current study seem to thrive under
the additional nutrient supply, similar to invasive populations in
the Caribbean (Willette et al., 2014; van Tussenbroek et al., 2016;
Winters et al., 2020).

Thus, while future ocean warming and the rising frequency
of heat waves and high cultural eutrophication will most likely
lead to further losses in P. oceanica meadows (Coma et al.,
2009; Marba and Duarte, 2010; Jorda et al., 2012; Chefaoui
et al., 2018), emerging new habitats might be available for
the colonization by better adapted macrophytes, especially the
invasive H. stipulacea (Klein and Verlaque, 2008; Montefalcone
et al.,, 2010; Sghaier et al., 2011; Beca-Carretero et al., 2020b).
Indeed, it was predicted that climate change and anthropogenic
impacts might make around 85% of the Mediterranean coastline
suitable for the colonization by H. stipulacea (Beca-Carretero
et al, 2020b). The resulting regime shift in the seagrass
community might not only have far reaching consequences on
ecosystem functions, but also lead to massive economic losses
due to the loss of ecosystem services provided by P. oceanica
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(Vassallo et al., 2013; Campagne et al.,, 2014; El Zrelli et al,
2020). Our results highlight the high acclimation potential of
H. stipulacea found growing in high nutrient environments,
giving it an advantage over other seagrasses less tolerant to
nutrient stress. These results have important implications to
management and conservation efforts, not only in shallow coastal
areas where H. stipulacea is the native species, but also (and
maybe even more) in both its historical (Mediterranean) and the
new invasive (Caribbean) habitats.

DATA AVAILABILITY STATEMENT

The original contributions generated for this study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

SH, GW, HR, and MT conceived and designed the experiments.
EB and MiS contributed in designing the experiments. MiS,
MaS, and SB assisted with the fieldwork and during sampling
campaigns. SH performed the field experiments, developed
methodologies, and performed all the other laboratory analyses
together with SB. EB did the statistical analysis. EB and MaS did
the graphs and worked on the manuscript. All authors wrote and
reviewed the manuscript.

FUNDING

This work was supported by the SEANARIOS project (SEAgrass
sceNARIOS under thermal and nutrient stress: FKZ 03F0826A),
an Israeli-German Scientific Cooperation, funded by the German
Federal Ministry of Education and Research (BMBF), jointly

REFERENCES

Abelson, A., Shteinman, B., Fine, M., and Kaganovsky, S. (1999). Mass transport
from pollution sources to remote coral reefs in Eilat (Gulf of Aqaba, Red Sea).
Mar. Pollut. Bull. 38, 25-29. doi: 10.1016/s0025-326x(99)80008-3

Abramoff, M. D., Magelhaes, P. J., and Ram, S. J. (2004). Image processing with
Image. J. Biophotonics Int. 11, 36-42.

Alcoverro, T., Manzanera, M., and Romero, J. (2001). Annual metabolic carbon
balance of the seagrass Posidonia oceanica: the importance of carbohydrate
reserves. Mar. Ecol. Prog. Series 211, 105-116. doi: 10.3354/meps211105

Armitage, A. R., and Fourqurean, J. W. (2009). Stable isotopes reveal complex
changes in trophic relationships following nutrient addition in a coastal marine
ecosystem. Estuaries Coasts 32, 1152-1164. doi: 10.1007/s12237-009-9219-z

Arnaud-Haond, S., Marba, N., Diaz-almela, E., Serrdo, E. A., and Duarte, C. M.
(2010). Comparative analysis of stability — Genetic diversity in seagrass
(Posidonia oceanica) meadows yields unexpected results. Estauaries Coasts 33,
878-889. doi: 10.1007/s12237-009-9238-9

Arnold, T. W. (2010). Uninformative parameters and model selection using
Akaike’s information criterion. J. Wildlife Manag. 74, 1175-1178. doi: 10.2193/
2009-367

Asner, G. P., Scurlock, J. M. O., and Hicke, J. A. (2003). Global synthesis of leaf
area index observations. Global Ecol. Biogeogr. 12,191-205. doi: 10.1046/j.1466-
822X.2003.00026.x

with the SEASTRESS project, and Israeli-Italian Scientific
Cooperation, funded by the Ministry of Science and Technology
of Israel (MOST).

ACKNOWLEDGMENTS

Special thanks are given to the members of the German and
Israeli Scientific Dive Teams that made the extensive fieldwork
campaigns possible: Paula Senff, Shai Zilberman, Shachaf Ben
Ezra, Julia Cerutti, Yoav Avrahami, and Roi Feinstein. We are
grateful for all the support we got from lab members of the
Dead Sea and Arava Science Center and the staff as well as dive
center from the IUT in Eilat, especially for Ofir Hameiri, Emanuel
Sestieri, and Gil Koplovitz. We are also grateful for all the help
we got with the preparation and analysis of the samples in the
laboratory and technical facilities of the ZMT. We also want to
thank members of the Algae and Seagrass Ecology Group for
their valuable input.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
678341/full#supplementary- material

Supplementary Figure 1 | Monthly averages of sechi disk depth [m] and
chlorophyll a concentration [iug I~ '] in 2019 at South Beach and North Beach
sites. The data have been obtained from Israel’s National Monitoring Programme
(NMP) of the Gulf of Eilat (http://iui-eilat.ac.il/Research/NMPMeteoData.aspx;
accessed 03/06/2021).

Supplementary Figure 2 | Yearly averages of sechi disk depth [m] and
chlorophyll a concentration [iug 1= '] from 2010 to 2019 at South Beach and North
Beach sites. The data have been obtained from Israel’s National Monitoring
Programme (NMP) of the Gulf of Eilat
(http://iui-eilat.ac.il/Research/NMPMeteoData.aspx; accessed 03/06/2021).

Azcérate-Garcia, T., Beca-Carretero, P., Villamayor, B., Stengel, D. B., and Winters,
G. (2020). Responses of the seagrass Halophila stipulacea to depth and spatial
gradients in its native region (Red Sea): morphology, in situ growth and
biomass production. Aquatic Bot. 165:103252. doi: 10.1016/j.aquabot.2020.
103252

Barr, A. G, Black, T. A, Hogg, E. H,, Kljun, N., Morgenstern, K., and Nesic, Z.
(2004). Inter-annual variability in the leaf area index of a boreal aspen-hazelnut
forest in relation to net ecosystem production. Agric. Forest Meteorol. 126,
237-255. doi: 10.1016/j.agrformet.2004.06.011

Bateman, A. S., and Kelly, S. D. (2007). Fertilizer nitrogen isotope signatures.
Isotopes Environ. Health Stud. 43, 237-247. doi: 10.1080/10256010701550732

Bates, D., Maechler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-
effects models using Ime4. Statistical Softw. 67, 1-48.

Beca-Carretero, P., Olesen, B., Marba, N., and Krause-Jensen, D. (2018). Response
to experimental warming in northern eelgrass populations: comparison across
a range of temperature adaptations. Mar. Ecol. Progr. Series 589, 59-72. doi:
10.3354/meps12439

Beca-Carretero, P., Rotini, A., Mejia, A., Migliore, L., Vizzini, S., and Winters, G.
(2020a). Halophila stipulacea descriptors in the native area (Red Sea): a baseline
for future comparisons with native and non-native populations. Mar. Environ.
Res. 153:104828. doi: 10.1016/j.marenvres.2019.104828

Beca-Carretero, P., Teichberg, M., Winters, G., Procaccini, G., and Reuter, H.
(2020b). Projected rapid habitat expansion of tropical seagrass species in the

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://www.frontiersin.org/articles/10.3389/fpls.2021.678341/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.678341/full#supplementary-material
http://iui-eilat.ac.il/Research/NMPMeteoData.aspx
http://iui-eilat.ac.il/Research/NMPMeteoData.aspx
https://doi.org/10.1016/s0025-326x(99)80008-3
https://doi.org/10.3354/meps211105
https://doi.org/10.1007/s12237-009-9219-z
https://doi.org/10.1007/s12237-009-9238-9
https://doi.org/10.2193/2009-367
https://doi.org/10.2193/2009-367
https://doi.org/10.1046/j.1466-822X.2003.00026.x
https://doi.org/10.1046/j.1466-822X.2003.00026.x
https://doi.org/10.1016/j.aquabot.2020.103252
https://doi.org/10.1016/j.aquabot.2020.103252
https://doi.org/10.1016/j.agrformet.2004.06.011
https://doi.org/10.1080/10256010701550732
https://doi.org/10.3354/meps12439
https://doi.org/10.3354/meps12439
https://doi.org/10.1016/j.marenvres.2019.104828
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al.

Stress Indicators of Halophila stipulacea

mediterranean sea as climate change progresses. Front. Plant Sci. 11:555376.
doi: 10.3389/fpls.2020.555376

Bergstrom, E., Silva, J., Martins, C., and Horta, P. (2019). Seagrass can mitigate
negative ocean acidification effects on calcifying algae. Sci. Rep. 9, 1-11. doi:
10.1038/s41598-018-35670-3

Burnham, K. P., Anderson, D. R., and Huyvaert, K. P. (2011). AIC model
selection and multimodel inference in behavioral ecology: some background,
observations, and comparisons. Behav. Ecol. Sociobiol. 65, 23-35. doi: 10.1007/
$00265-010-1029-6

Cabago, S., and Santos, R. (2012). Seagrass reproductive effort as an ecological
indicator of disturbance. Ecol. Indicators 23, 116-122. doi: 10.1016/j.ecolind.
2012.03.022

Campagne, C. S., Salles, J. M., Boissery, P., and Deter, J. (2014). The seagrass
Posidonia oceanica: ecosystem services identification and economic evaluation
of goods and benefits. Mar. Pollut. Bull. 97, 391-400. doi: 10.1016/j.marpolbul.
2015.05.061

Campbell, J. E., Altieri, A. H., Johnston, L. N., Kuempel, C. D., Paperno, R,
Paul, V. ], et al. (2018). Herbivore community determines the magnitude and
mechanism of nutrient effects on subtropical and tropical seagrasses. J. Ecol.
106, 401-412. doi: 10.1111/1365-2745.12862

Cardini, U., van Hoytema, N., Bednarz, V. N., Al-Rshaidat, M. M. D., and Wild, C.
(2018). N2 fixation and primary productivity in a red sea Halophila stipulacea
meadow exposed to seasonality. Limnol. Oceanogr. 63, 786-798. doi: 10.1002/
1n0.10669

Chefaoui, R. M., Duarte, C. M., and Serréo, E. A. (2018). Dramatic loss of seagrass
habitat under projected climate change in the Mediterranean Sea. Global
Change Biol. 24, 4919-4928. doi: 10.1111/gcb.14401

Chiquillo, K. L., Campese, L., Willette, D. A., Winters, G., Barak, S., Procaccini,
G., et al. (2018). “Reconstructing the invasion history of the tropical seagrass
Halophila stipulacea,” in World Seagrass Conference 2018, ISBW 13, 11 June-17
June 2018, Singapore.

Coma, R., Ribes, M., Serrano, E., Jiménez, E., Salat, J., and Pascual, J. (2009).
Global warming-enhanced stratification and mass mortality events in the
Mediterranean. Proc. Natl. Acad. Sci. U.S.A. 106, 6176-6181. doi: 10.1073/pnas.
0805801106

Connolly, R. M., Smith, T. M., Maxwell, P. S., Olds, A. D., Macreadie, P. I,
and Sherman, C. D. H. (2018). Highly disturbed populations of seagrass show
increased resilience but lower genotypic diversity. Front. Plant Sci. 9:894. doi:
10.3389/fpls.2018.00894

Dalsgaard, T, and Krause-Jensen, D. (2006). Monitoring nutrient release from fish
farms with macroalgal and phytoplankton bioassays. Aquaculture 256, 302-310.
doi: 10.1016/j.aquaculture.2006.02.047

Diaz-Almela, E., Arnaud-Haond, S., Vliet, M. S., Alvarez, E., Marba, N., Duarte,
C. M., et al. (2007). Feed-backs between genetic structure and perturbation-
driven decline in seagrass (Posidonia oceanica) meadows. Conserv. Genet. 8,
1377-1391. doi: 10.1007/s10592-007-9288-0

Duarte, C. M. (1992). Nutrient concentration of aquatic plants: patterns across
species. Limnol. Oceanogr. 37, 882-889. doi: 10.4319/10.1992.37.4.0882

Egea, L. G., Jiménez-Ramos, R., Vergara, J. ], Hernandez, L., and Brun, F. G. (2018).
Interactive effect of temperature, acidification and ammonium enrichment on
the seagrass Cymodocea nodosa. Mar. Pollut. Bull. 134, 14-26. doi: 10.1016/j.
marpolbul.2018.02.029

Ehlers, A., Worm, B., and Reusch, T. B. H. (2008). Importance of genetic diversity
in eelgrass Zostera marina for its resilience to global warming. Mar. Ecol. Progr.
Series 355, 1-7. doi: 10.3354/meps07369

EKlof, J. S., Frocklin, S., Lindvall, A., Stadlinger, N., Kimathi, A., Uku, J. N., et al.
(2009). How effective are MPAs? Predation control and “spill-in effects” in
seagrass-coral reef lagoons under contrasting fishery management. Mar. Ecol.
Progr. Series 384, 83-96. doi: 10.3354/meps08024

El Zrelli, R., Rabaoui, L., Roa-Ureta, R. H., Gallai, N., Castet, S., Grégoire, M.,
et al. (2020). Economic impact of human-induced shrinkage of Posidonia
oceanica meadows on coastal fisheries in the Gabes Gulf (Tunisia, Southern
Mediterranean Sea). Mar. Pollut. Bull. 155:111124. doi: 10.1016/j.marpolbul.
2020.111124

Erftemeijer, P. L., and Stapel, J. (1999). Primary production of deep-water
Halophila ovalis meadows. Aquatic Bot. 65, 71-82. doi: 10.1016/s0304-
3770(99)00032-7

Fernandes, M. B, van Gils, J., Erftemeijer, P. L. A., Daly, R, Gonzalez, D.,
and Rouse, K. (2019). A novel approach to determining dynamic nitrogen
thresholds for seagrass conservation. J. Appl. Ecol. 56, 253-261. doi: 10.1111/
1365-2664.13252

Fine, M., Cinar, M., Voolstra, C. R., Safa, A., Rinkevich, B., Laffoley, D., et al. (2019).
Coral reefs of the Red Sea — Challenges and potential solutions. Regional Stud.
Mar. Sci. 25:100498. doi: 10.1016/j.rsma.2018.100498

Fine, M., Gildor, H., and Amatzia, G. (2013). A coral reef refuge in the Red Sea.
Global Change Biol. 19, 3640-3647. doi: 10.1111/gcb.12356

Fourqurean, J. W., Escorcia, S. P., Anderson, W. T., and Zieman, J. C. (2005).
Spatial and seasonal variability in elemental content, 8§ 13C, and 315N of
Thalassia testudinum from South Florida and its implications for ecosystem
studies. Estuaries 28, 447-461. doi: 10.1007/bf02693926

Fourqurean, J. W., Powell, G. V. N., Kenworthy, W. J., and Zieman, J. C. (2006).
The effects of long-term manipulation of nutrient supply on competition
between the seagrasses thalassia testudinum and halodule wrightii in florida
bay. Oikos 72:349. doi: 10.2307/3546120

Gerakaris, V., and Tsiamis, K. (2015). Sexual reproduction of the Lessepsian
seagrass Halophila stipulacea in the Mediterranean Sea. Botanica Marina 58,
51-53.

Gilad, E., Kidwell, S. M., Benayahu, Y., and Edelman-Furstenberg, Y. (2018).
Unrecognized loss of seagrass communities based on molluscan death
assemblages: historic baseline shift in tropical Gulf of Aqaba, Red Sea. Mar. Ecol.
Progr. Series 589, 73-83. doi: 10.3354/meps12492

Gillis, L. G., Bouma, T. J., Jones, C. G., Van Katwijk, M. M., Nagelkerken, I.,
Jeuken, C.J. L., et al. (2014). Potential for landscape-scale positive interactions
among tropical marine ecosystems. Mar. Ecol. Progr. Series 503, 289-303. doi:
10.3354/meps10716

Guidetti, P. (2001). Detecting environmental impacts on the Mediterranean
seagrass Posidonia oceanica (L.) Delile: the use of reconstructive methods in
combination with ‘beyond BACT’ designs. J. Exp. Mar. Biol. Ecol. 160, 27-39.
doi: 10.1016/50022-0981(01)00245-3

Hansen, H. P., and Koroleff, F. (2009). “Determination of nutrients,” in Methods of
Seawater Analysis (Third, Com), eds K. Grasshoff, K. Kremling, and M. Ehrhardt
(Weinheim: Wiley- VCH), 159-228.

Heck, K. L., Valentine, J. F., Pennock, J. R., Chaplin, G., and Spitzer, P. M. (2006).
Effects of nutrient enrichment and grazing on shoalgrass Halodule wrightIT and
its epiphytes: results of a field experiment. Mar. Ecol. Progr. Series 326, 145-156.
doi: 10.3354/meps326145

Helber, S. B., Procaccini, G., Belshe, E. F., Santillan-Sarmiento, A., Cardini, U.,
Brohl, S., et al. (2021). Unusually warm summer temperatures exacerbate
population and plant level response of Posidonia oceanica to anthropogenic
nutrient stress. Front. Plant Sci. 12:915. doi: 10.3389/fpls.2021.662682

Holmer, M., Wirachwong, P., and Thomsen, M. S. (2011). Negative effects of stress-
resistant drift algae and high temperature on a small ephemeral seagrass species.
Mar. Biol. 158, 297-309. doi: 10.1007/s00227-010-1559-5

Jiménez-Ramos, R., Egea, L. G., Ortega, M. J., Hernandez, 1., Vergara, J. J., and
Brun, F. G. (2017). Global and local disturbances interact to modify seagrass
palatability. PLoS One 12:e183256. doi: 10.1371/journal.pone.0183256

Jorda, G., Marba, N., and Duarte, C. M. (2012). Mediterranean seagrass vulnerable
to regional climate warming. Nat. Climate Change 2, 821-824. doi: 10.1038/
nclimate1533

Karamfilov, V., Berov, D., and Panayotidis, P. (2019). Using Zostera noltei
biometrics for evaluation of the ecological and environmental quality status of
Black Sea coastal waters. Regional Stud. Mar. Sci. 27:100524. doi: 10.1016/j.rsma.
2019.100524

Katz, T., Ginat, H., Eyal, G., Steiner, Z., Braun, Y., Shalev, S., et al. (2015). Desert
flash floods form hyperpycnal flows in the coral-rich Gulf of Aqaba, Red Sea.
Earth Planetary Sci. Lett. 417, 87-98. doi: 10.1016/j.epsl.2015.02.025

Kilminster, K. L., Walker, D. I, Thompson, P. A., and Raven, J. A. (2008). Changes
in growth, internode distance and nutrient concentrations of the seagrass
Halophila ovalis with exposure to sediment sulphide. Mar. Ecol. Progr. Series
361, 83-91. doi: 10.3354/meps07479

Klein, J., and Verlaque, M. (2008). The Caulerpa racemosa invasion: a critical
review. Mar. Pollut. Bull. 56, 205-225. doi: 10.1016/j.marpolbul.2007.09.043

Kletou, D. (2019). Human Impacts on Oligotrophic Marine Ecosystems: Case Studies
From Cyprus, Mediterranean Sea. Plymouth: University of Plymouth.

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://doi.org/10.3389/fpls.2020.555376
https://doi.org/10.1038/s41598-018-35670-3
https://doi.org/10.1038/s41598-018-35670-3
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1016/j.ecolind.2012.03.022
https://doi.org/10.1016/j.ecolind.2012.03.022
https://doi.org/10.1016/j.marpolbul.2015.05.061
https://doi.org/10.1016/j.marpolbul.2015.05.061
https://doi.org/10.1111/1365-2745.12862
https://doi.org/10.1002/lno.10669
https://doi.org/10.1002/lno.10669
https://doi.org/10.1111/gcb.14401
https://doi.org/10.1073/pnas.0805801106
https://doi.org/10.1073/pnas.0805801106
https://doi.org/10.3389/fpls.2018.00894
https://doi.org/10.3389/fpls.2018.00894
https://doi.org/10.1016/j.aquaculture.2006.02.047
https://doi.org/10.1007/s10592-007-9288-0
https://doi.org/10.4319/lo.1992.37.4.0882
https://doi.org/10.1016/j.marpolbul.2018.02.029
https://doi.org/10.1016/j.marpolbul.2018.02.029
https://doi.org/10.3354/meps07369
https://doi.org/10.3354/meps08024
https://doi.org/10.1016/j.marpolbul.2020.111124
https://doi.org/10.1016/j.marpolbul.2020.111124
https://doi.org/10.1016/s0304-3770(99)00032-7
https://doi.org/10.1016/s0304-3770(99)00032-7
https://doi.org/10.1111/1365-2664.13252
https://doi.org/10.1111/1365-2664.13252
https://doi.org/10.1016/j.rsma.2018.100498
https://doi.org/10.1111/gcb.12356
https://doi.org/10.1007/bf02693926
https://doi.org/10.2307/3546120
https://doi.org/10.3354/meps12492
https://doi.org/10.3354/meps10716
https://doi.org/10.3354/meps10716
https://doi.org/10.1016/s0022-0981(01)00245-3
https://doi.org/10.3354/meps326145
https://doi.org/10.3389/fpls.2021.662682
https://doi.org/10.1007/s00227-010-1559-5
https://doi.org/10.1371/journal.pone.0183256
https://doi.org/10.1038/nclimate1533
https://doi.org/10.1038/nclimate1533
https://doi.org/10.1016/j.rsma.2019.100524
https://doi.org/10.1016/j.rsma.2019.100524
https://doi.org/10.1016/j.epsl.2015.02.025
https://doi.org/10.3354/meps07479
https://doi.org/10.1016/j.marpolbul.2007.09.043
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al.

Stress Indicators of Halophila stipulacea

Kohler, K. E., and Gill, S. M. (2006). Coral point count with excel extensions
(CPCe): a visual basic program for the determination of coral and substrate
coverage using random point count methodology. Comput. Geosci. 32, 1259
1269. doi: 10.1016/j.cageo.2005.11.009

Kramer, N., Eyal, G., Tamir, R., and Loya, Y. (2019). Upper mesophotic depths
in the coral reefs of Eilat, Red Sea, offer suitable refuge grounds for coral
settlement. Sci. Rep. 9, 1-12. doi: 10.1038/s41598-019-38795-1

Krause-Jensen, D., Duarte, C. M., Sand-Jensen, K., and Carstensen, J. (2020).
Century-long records reveal shifting challenges to seagrass recovery. Glob.
Change Biol. 27, 563-575. doi: 10.1111/gcb.15440

Lamb, J. B., Van De Water, J. A. J. M., Bourne, D. G., Altier, C., Hein, M. Y.,
Fiorenza, E. A,, et al. (2017). Seagrass ecosystems reduce exposure to bacterial
pathogens of humans, fishes, and invertebrates. Science 355, 731-733. doi: 10.
1126/science.aal1956

Lapointe, B. E., Barile, P. J., and Matzie, W. R. (2004). Anthropogenic nutrient
enrichment of seagrass and coral reef communities in the Lower Florida Keys:
discrimination of local versus regional nitrogen sources. J. Exp. Mar. Biol. Ecol.
308, 23-58. doi: 10.1016/j.jembe.2004.01.019

Laskov, C., Herzog, C., Lewandowski, J., and Hupfer, M. (2007). Miniaturized
photometrical methods for the rapid analysis of phosphate, ammonium, ferrous
iron, and sulfate in pore water of freshwater sediments. Limnol. Oceanogr.:
Methods 5, 63-71. doi: 10.4319/1om.2007.5.63

Lazar, B., Erez, J., Silverman, J., Rivlin, T., Rivlin, A., Dray, M., et al. (2008). “Recent
environmental changes in the chemical-biological oceanography of the Gulf of
Agqaba (Eilat),” in Aqaba-Eilat, the Improbable Gulf. Environment, Biodiversity
and Preservation, ed. F. D. Por (Jerusalem: The Hebrew University Magnes
Press), 49-61.

Lee, K.-S., Park, S. R., and Kim, Y. K. (2007). Effects of irradiance, temperature,
and nutrients on growth dynamics of seagrasses: a review. J. Exp. Biol. Ecol.
350, 144-175. doi: 10.1016/j.jembe.2007.06.016

Leoni, V., Pasqualini, V., Pergent-Martini, C., Vela, A., and Pergent, G. (2006).
Morphological responses of Posidonia oceanica to experimental nutrient
enrichment of the canopy water. J. Exp. Mar. Biol. Ecol. 339, 1-14. doi: 10.1016/
j.jembe.2006.05.017

Liao, E., Lu, W,, Yan, X. H,, Jiang, Y., and Kidwell, A. (2015). The coastal ocean
response to the global warming acceleration and hiatus. Sci. Rep. 5, 1-10.
doi: 10.1038/srep16630

Linhart, Y. B., and Grant, M. C. (1996). Evolutionary significance of local genetic
differentiation in plants. Annu. Rev. Ecol. Syst. 27, 237-277. doi: 10.1146/
annurev.ecolsys.27.1.237

Lipkin, Y. (1975). Halophila stipulacea, a review of a successful immigration.
Aquatic Bot. 1,203-215. doi: 10.1016/0304-3770(75)90023- 6

Loya, Y., and Kramarsky-Winter, E. (2003). In situ eutrophication caused by
fish farms in the northern Gulf of Eilat (Aqaba) is beneficial for its coral
reefs: a critique. Mar. Ecol. Progr. Series 261, 299-303. doi: 10.3354/meps
261299

Loya, Y. (2004). “The coral reefs of Eilat—past, present and future: three decades
of coral community structure studies,” in Coral Health and Disease, eds E.
Rosenbergand Y. Loya (Berlin: Springer), 1-34. doi: 10.1007/978-3-662-06414-
6_1

Malm, T. (2006). Reproduction and recruitment of the seagrass Halophila
stipulacea. Aquatic Bot. 85, 345-349. doi: 10.1016/j.aquabot.2006.05.008

Marba, N., and Duarte, C. M. (2010). Mediterranean warming triggers seagrass
(Posidonia oceanica) shoot mortality. Glob. Change Biol. 16, 2366-2375. doi:
10.1111/j.1365-2486.2009.02130.x

Masakazu, H., Bayne, C. J., and Kuwae, T. (2019). “Blue carbon: characteristics of
the Ocean’s sequestration and storage ability of carbon dioxide,” in Blue Carbon
in Shallow Coastal Ecosystems. Carbon Dynamics, Policy and Implementation,
eds T. Kuwae and M. Hori (Basingstoke: Springer Nature).

Meinesz, A., and Lefevre, J. R. (1984). Régénération d’'un herbier de Posidonia
oceanica quarante années aprés sa destruction par une bombe dans la rade
de Villefranche (Alpes-Maritimes, France). Int. Workshop Posidonia Oceanica
Beds. 2, 39-44.

Mejia, A. Y., Rotini, A., Lacasella, F., Bookman, R., Thaller, M. C., Shem-Tov, R.,
et al. (2016). Assessing the ecological status of seagrasses using morphology,
biochemical descriptors and microbial community analyses. A study in
Halophila stipulacea (Forsk.) Aschers meadows in the northern Red Sea. Ecol.
Indicators 60, 1150-1163. doi: 10.1016/j.ecolind.2015.09.014

Molina-Montenegro, M. A., Acuna-Rodriguez, I. S., Flores, T. S. M., Hereme,
R, Lafon, A., Atala, C, et al. (2018). Is the success of plant invasions
the result of rapid adaptive evolution in seed traits? Evidence from a
latitudinal rainfall gradient. Front. Plant Sci. 9:208. doi: 10.3389/fpls.2018.
00208

Montefalcone, M., Albertelli, G., Morri, C., and Bianchi, C. N. (2010). Patterns of
wide-scale substitution within meadows of the seagrass Posidonia oceanica in
NW Mediterranean Sea: invaders are stronger than natives. Aquatic Conserv.:
Mar. Freshw. Ecosyst. 20, 507-515. doi: 10.1002/aqc.1128

Mvungi, E. F., and Pillay, D. (2019). Eutrophication overrides warming as a stressor
for a temperate African seagrass (Zostera capensis). PLoS One 14:¢0215129.
doi: 10.1371/journal.pone.0215129

Nguyen, H. M., Kleitou, P., Kletou, D., Sapir, Y., and Winters, G. (2018). Differences
in flowering sex ratios between native and invasive populations of the seagrass
Halophila stipulacea. Botanica Marina 61, 337-342. doi: 10.1515/bot-2018-
0015

Nguyen, H. M., Yadav, N. S, Barak, S., Lima, F. P, and Gambi, M. C.
(2020). Responses of invasive and native populations of the seagrass halophila
stipulacea to simulated climate change. Front. Mar. Sci. 6:812. doi: 10.3389/
fmars.2019.00812

Nielsen, S. L., Sand-Jensen, K., Borum, J., and Geertz-Hansen, O. (2002). Depth
colonization of eelgrass (Zostera marina) and macroalgae as determined by
water transparency in Danish coastal waters. Estuaries 25, 1025-1032. doi:
10.1007/bf02691349

O’Brien, K. R., Adams, M. P., Ferguson, A. J. P., Samper-Villarreal, J., Maxwell,
P. S., Baird, M. E,, et al. (2018a). “Seagrass resistance to light deprivation:
implications for resilience,” in Seagrasses of Australia: Structure, Ecology and
Conservation, eds A. W. D. Larkum, G. A. Kendrick, and P. J. Ralph (Berline:
Springer International Publishing), 287-311. doi: 10.1007/978-3-319-71
354-0_10

O’Brien, K. R., Waycott, M., Maxwell, P., Kendrick, G. A., Udy, J. W., Ferguson,
A.J. P, et al. (2018b). Seagrass ecosystem trajectory depends on the relative
timescales of resistance, recovery and disturbance. Mar. Pollut. Bull. 134,
166-176. doi: 10.1016/j.marpolbul.2017.09.006

Oron, S., Angel, D., Goodman-Tchernov, B., Merkado, G., Kiflawi, M., and
Abramovich, S. (2014). Benthic foraminiferal response to the removal of
aquaculture fish cages in the Gulf of Aqaba-Eilat. Red Sea. Mar. Micropaleontol.
107, 8-17. doi: 10.1016/j.marmicro.2014.01.003

Orth, R. J. W., Carruthers, T. J. B., Dennison, W. C., Duarte, C. M., Fourqurean,
J. W., Heck, K. L., et al. (2006). A global crisis for seagrass ecosystems. BioScience
56:987.

Padfield, D., Yvon-Durocher, G., Buckling, A., Jennings, S., and Yvon-Durocher,
G. (2016). Rapid evolution of metabolic traits explains thermal adaptation in
phytoplankton. Ecol. Lett. 19, 133-142. doi: 10.1111/ele.12545

Pazzaglia, J., Santillan-Sarmiento, A., Helber, S. B., Ruocco, M., Terlizzi, A.,
Marin-Guirao, L., et al. (2020). Does warming likely enhance the effects of
eutrophication in the seagrass Posidonia oceanica? Front. Plant Sci. 7:564805.
doi: 10.3389/fmars.2020.564805

Pitta, P., Tsapakis, M., Apostolaki, E. T., Tsagaraki, T., Holmer, M., and Karakassis,
L. (2009). “Ghost nutrients” from fish farms are transferred up the food web
by phytoplankton grazers. Mar. Ecol. Progr. Series 374, 1-6. doi: 10.3354/
meps07763

Quiros, T. E. A. L., Croll, D., Tershy, B., Fortes, M. D., and Raimondi, P.
(2017). Land use is a better predictor of tropical seagrass condition than
marine protection. Biol. Conserv. 209, 454-463. doi: 10.1016/j.biocon.2017.
03.011

R Core Team. (2019). R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing.

Ralph, P. J., Durako, M. J., Enriquez, S., Collier, C. J., and Doblin, M. A. (2007).
Impact of light limitation on seagrasses. J. Exp. Biol. Ecol. 350, 176-193. doi:
10.1016/j.jembe.2007.06.017

Rasmusson, L. M., Buapet, P., George, R., Gullstrom, M., Gunnarsson, P. C. B.,
and Bjork, M. (2020). Effects of temperature and hypoxia on respiration,
photorespiration, and photosynthesis of seagrass leaves from contrasting
temperature regimes. ICES J. Mar. Sci. 77, 2056-2065. doi: 10.1093/icesjms/
fsaa093

Ravaglioli, C., Capocchi, A., Fontanini, D., Mori, G., Nuccio, C., and Bulleri, F.
(2018). Macro-grazer herbivory regulates seagrass response to pulse and press

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://doi.org/10.1016/j.cageo.2005.11.009
https://doi.org/10.1038/s41598-019-38795-1
https://doi.org/10.1111/gcb.15440
https://doi.org/10.1126/science.aal1956
https://doi.org/10.1126/science.aal1956
https://doi.org/10.1016/j.jembe.2004.01.019
https://doi.org/10.4319/lom.2007.5.63
https://doi.org/10.1016/j.jembe.2007.06.016
https://doi.org/10.1016/j.jembe.2006.05.017
https://doi.org/10.1016/j.jembe.2006.05.017
https://doi.org/10.1038/srep16630
https://doi.org/10.1146/annurev.ecolsys.27.1.237
https://doi.org/10.1146/annurev.ecolsys.27.1.237
https://doi.org/10.1016/0304-3770(75)90023-6
https://doi.org/10.3354/meps261299
https://doi.org/10.3354/meps261299
https://doi.org/10.1007/978-3-662-06414-6_1
https://doi.org/10.1007/978-3-662-06414-6_1
https://doi.org/10.1016/j.aquabot.2006.05.008
https://doi.org/10.1111/j.1365-2486.2009.02130.x
https://doi.org/10.1111/j.1365-2486.2009.02130.x
https://doi.org/10.1016/j.ecolind.2015.09.014
https://doi.org/10.3389/fpls.2018.00208
https://doi.org/10.3389/fpls.2018.00208
https://doi.org/10.1002/aqc.1128
https://doi.org/10.1371/journal.pone.0215129
https://doi.org/10.1515/bot-2018-0015
https://doi.org/10.1515/bot-2018-0015
https://doi.org/10.3389/fmars.2019.00812
https://doi.org/10.3389/fmars.2019.00812
https://doi.org/10.1007/bf02691349
https://doi.org/10.1007/bf02691349
https://doi.org/10.1007/978-3-319-71354-0_10
https://doi.org/10.1007/978-3-319-71354-0_10
https://doi.org/10.1016/j.marpolbul.2017.09.006
https://doi.org/10.1016/j.marmicro.2014.01.003
https://doi.org/10.1111/ele.12545
https://doi.org/10.3389/fmars.2020.564805
https://doi.org/10.3354/meps07763
https://doi.org/10.3354/meps07763
https://doi.org/10.1016/j.biocon.2017.03.011
https://doi.org/10.1016/j.biocon.2017.03.011
https://doi.org/10.1016/j.jembe.2007.06.017
https://doi.org/10.1016/j.jembe.2007.06.017
https://doi.org/10.1093/icesjms/fsaa093
https://doi.org/10.1093/icesjms/fsaa093
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al.

Stress Indicators of Halophila stipulacea

nutrient loading. Mar. Environ. Res. 136, 54-61. doi: 10.1016/j.marenvres.2018.
02.019

Reynolds, P. L., Richardson, J. P., and Duffy, J. E. (2014). Field experimental
evidence that grazers mediate transition between microalgal and seagrass
dominance. Limnol. Oceanogr. 59, 1053-1064. doi: 10.4319/10.2014.59.3.1053

Rinkevich, B. (2005). Conservation of coral reefs through active restoration
measures: recent approaches and last decade progress. Environ. Sci. Technol.
39, 4333-4342. doi: 10.1021/es0482583

Roca, G., Alcoverro, T., Krause-Jensen, D., Balsby, T. J. S., Van Katwijk,
M. M., Marba, N,, et al. (2016). Response of seagrass indicators to shifts
in environmental stressors: a global review and management synthesis. Ecol.
Indicators 63, 310-323. doi: 10.1016/j.ecolind.2015.12.007

Romdn, M., Fernindez, E., Zamborain-Mason, J., and Méndez, G. (2019).
Anthropogenic impact on zostera noltei seagrass meadows (NW Iberian
Peninsula) assessed by carbon and nitrogen stable isotopic signatures. Estuaries
Coasts 42, 987-1000. doi: 10.1007/s12237-019-00549-7

Rotini, A., Mejia, A. Y., Costa, R, Migliore, L., and Winters, G. (2017).
Ecophysiological plasticity and bacteriome shift in the seagrass halophila
stipulacea along a depth gradient in the northern red sea. Front. Plant Sci.
7:2015. doi: 10.3389/fpls.2016.02015

Ruiz-Fernidndez, A. C., Hillaire-Marcel, C., Ghaleb, B., Soto-Jiménez, M., and
Péez-Osuna, F. (2002). Recent sedimentary history of anthropogenic impacts
on the Culiacan River Estuary, northwestern Mexico: geochemical evidence
from organic matter and nutrients. Environ. Pollut. 118, 365-377. doi: 10.1016/
$0269-7491(01)00287-1

Ruiz, H., and Ballantine, D. L. (2004). Occurrence of the seagrass Halophila
stipulacea in the tropical west Atlantic. Bull. Mar. Sci. 75, 131-135.

Ruiz, J. M., Pérez, M., and Romero, J. (2001). Effects of fish farm loadings on
seagrass (Posidonia oceanica) distribution, growth and photosynthesis. Mar.
Pollut. Bull. 42, 749-760. doi: 10.1016/S0025-326X(00)00215-0

Ruocco, M., Entrambasaguas, L., Dattolo, E., Milito, A., Marin-Guirao, L., and
Procaccini, G. (2020). A king and vassals™ tale: molecular signatures of clonal
integration in Posidonia oceanica under chronic light shortage. J. Ecol. 109,
1-19. doi: 10.1111/1365-2745.13479

Ryan, M. G. (1991). Effects of climate change on plant respiration. Ecol. Appl. 1,
157-167. doi: 10.2307/1941808

Saigusa, N., Yamamoto, S., Murayama, S., and Kondo, H. (2005). Inter- annual
variability of carbon budget components in an Asiaflux Forest site estimated
by long- term flux measurements. Agric. For. Meteorol. 134, 4-16. doi: 10.1016/
j.agrformet.2005.08.016

Sghaier, Y. R., Zakhama-Sraieb, R., Benamer, I., and Charfi-Cheikhrouha, F. (2011).
Occurrence of the seagrass Halophila stipulacea (Hydrocharitaceae) in the
southern Mediterranean Sea. Botanica Marina 54, 575-582. doi: 10.1515/BOT.
2011.061

Sharon, Y., Silva, J., Santos, R., Runcie, J. W., Chernihovsky, M., and Beer, S.
(2009). Photosynthetic responses of Halophila stipulacea to a light gradient. II.
Acclimations following transplantation. Aquatic Biol. 7, 153-157. doi: 10.3354/
ab00148

Sharon, Y., Silva, J., Santos, R., Runcie, J. W., Chernihovsky, M., and Beer, S.
(2011). Photosynthetic responses of Halophila stipulacea to a light gradient. II.
Acclimations following transplantation. Aquatic Biol. 7, 153-157. doi: 10.3354/
ab00148

Silverman, J., Lazar, B., and Erez, J. (2007). Community metabolism of a coral reef
exposed to naturally varying dissolved inorganic nutrient loads. Biogeochemistry
84, 67-82. doi: 10.1007/s10533-007-9075-5

Smulders, F. O. H.,, Vonk, J. A., Engel, M. S., and Christianen, M. J. A. (2017).
Expansion and fragment settlement of the non-native seagrass Halophila
stipulacea in a Caribbean bay. Mar. Biol. Res. 13, 967-974. doi: 10.1080/
17451000.2017.1333620

Stambler, N. (2005). Bio-optical properties of the northern Red Sea and the Gulf of
Eilat (Aqaba) during winter 1999. J. Sea Res. 54, 186-203. doi: 10.1016/j.seares.
2005.04.006

Symonds, M. R. E., and Moussalli, A. (2011). A brief guide to model selection,
multimodel inference and model averaging in behavioural ecology using
Akaike’s information criterion. Behav. Ecol. Sociobiol. 65, 13-21. doi: 10.1007/
500265-010-1037-6

Teichberg, M., Fricke, A., and Bischof, K. (2013). Increased physiological
performance of the calcifying green macroalga Halimeda opuntia in response

to experimental nutrient enrichment on a Caribbean coral reef. Aquatic Bot.
104, 25-33. doi: 10.1016/j.aquabot.2012.09.010

Tiffin, P., and Ross-Ibarra, J. (2014). Advances and limits of using population
genetics to understand local adaptation. Trends Ecol. Evol. 29, 673-680. doi:
10.1016/j.tree.2014.10.004

Udy, J. W., Dennison, W. C., Lee Long, W.]., and McKenzie, L. J. (1999). Responses
of seagrass to nutrients in the Great Barrier Reef, Australia. Mar. Ecol. Progr.
Series 185, 257-271. doi: 10.3354/meps185257

Unsworth, R. K. F., Collier, C. J., Henderson, G. M., and McKenzie, L. J. (2012).
Tropical seagrass meadows modify seawater carbon chemistry: implications
for coral reefs impacted by ocean acidification. Environ. Res. Lett. 7:024026.
doi: 10.1088/1748-9326/7/2/024026

van Tussenbroek, B. I, van Katwijk, M. M., Bouma, T. J., van der Heide, T., Govers,
L. L., and Leuven, R. S. E. W. (2016). Non-native seagrass Halophila stipulacea
forms dense mats under eutrophic conditions in the Caribbean. J. Sea Res. 115,
1-5. doi: 10.1016/j.seares.2016.05.005

Vassallo, P., Paoli, C., Rovere, A., Montefalcone, M., Morri, C., and Bianchi,
C. N. (2013). The value of the seagrass Posidonia oceanica: a natural capital
assessment. Mar. Pollut. Bull. 75, 157-167. doi: 10.1016/j.marpolbul.2013.07.
044

Venables, W. N., and Ripley, B. D. (2002). Modern Applied Statistics with S, 4th End
Edn. New York, NY: Springer.

Viana, I. G., Moreira-saporiti, A., and Teichberg, M. (2020). Species-specific trait
responses of three tropical seagrasses to multiple stressors: the case of increasing
temperature and nutrient enrichment. Front. Plant Sci. 11:571363. doi: 10.3389/
fpls.2020.571363

Viles, F. J., and Silverman, L. (1949). Determination of starch and cellulose with
anthrone. Analytical Chem. 21, 950-953. doi: 10.1021/ac60032a019

Wang, R, Chen, J. M., Luo, X,, Black, A., and Arain, A. (2019). Seasonality of
leaf area index and photosynthetic capacity for better estimation of carbon and
water fluxes in evergreen conifer forests. Agric. Forest Meteorol. 279:107708.
doi: 10.1016/j.agrformet.2019.107708

Wang, S., Meyer, E., Mckay, J. K., and Matz, M. V. (2012). 2b-RAD: a simple
and flexible method for genome-wide genotyping. Nat. Methods 9, 808-810.
doi: 10.1038/nmeth.2023

Weatherall, E. J., Jackson, E. L., Hendry, R. A., and Campbell, M. L. (2016).
Quantifying the dispersal potential of seagrass vegetative fragments: a
comparison of multiple subtropical species. Estuarine, Coastal Shelf Sci. 169,
207-215. doi: 10.1016/j.ecss.2015.11.026

Welshmeyer, N. A. (1994). Fluorometric analysis of chlorophyll a in the presence
of chlorophyll b and pheopigments. Limnol. Oceanogr. 39, 1985-1992. doi:
10.4319/10.1994.39.8.1985

Wesselmann, M., Anton, A., Duarte, C. M., Hendriks, I. E., Agusti, S., Savva, I,
et al. (2020). Tropical seagrass Halophila stipulacea shifts thermal tolerance
during Mediterranean invasion. Proc. R. Soc. B: Biol. Sci. 287:20193001. doi:
10.1098/rspb.2019.3001

Wilkinson, C., and Salvat, B. (2012). Coastal resource degradation in the tropics:
does the tragedy of the commons apply for coral reefs, mangrove forests and
seagrass beds. Mar. Pollut. Bull. 64, 1096-1105. doi: 10.1016/j.marpolbul.2012.
01.041

Willette, D. A., and Ambrose, R. F. (2012). Effects of the invasive seagrass Halophila
stipulacea on the native seagrass, Syringodium filiforme, and associated fish
and epibiota communities in the Eastern Caribbean. Aquatic Bot. 103, 74-82.
doi: 10.1016/j.aquabot.2012.06.007

Willette, D. A., Chalifour, J., Debrot, A. O. D., Engel, M. S., Miller, J., Oxenford,
H. A, et al. (2014). Continued expansion of the trans-Atlantic invasive marine
angiosperm Halophila stipulacea in the eastern Caribbean. Aquatic Bot. 112,
98-102. doi: 10.1016/j.aquabot.2013.10.001

Winter, B. (2013). Linear models and linear mixed effects models in R with
linguistic applications.. arXiv. Available online at: http://arxiv.org/pdf/1308.
5499.pdf

Winters, G., Beer, S., Willette, D. A., Viana, I. G., Chiquillo, K. L., Beca-
Carretero, P., et al. (2020). The tropical seagrass halophila stipulacea:
reviewing what we know from its native and invasive habitats, alongside
identifying knowledge gaps. Front. Mar. Sci. 7:300. doi: 10.3389/fmars.2020.
00300

Winters, G., Edelist, D., Shem-Tov, R., Beer, S., and Rilov, G. (2017). A low cost
field-survey method for mapping seagrasses and their potential threats: an

Frontiers in Plant Science | www.frontiersin.org

August 2021 | Volume 12 | Article 678341


https://doi.org/10.1016/j.marenvres.2018.02.019
https://doi.org/10.1016/j.marenvres.2018.02.019
https://doi.org/10.4319/lo.2014.59.3.1053
https://doi.org/10.1021/es0482583
https://doi.org/10.1016/j.ecolind.2015.12.007
https://doi.org/10.1007/s12237-019-00549-7
https://doi.org/10.3389/fpls.2016.02015
https://doi.org/10.1016/S0269-7491(01)00287-1
https://doi.org/10.1016/S0269-7491(01)00287-1
https://doi.org/10.1016/S0025-326X(00)00215-0
https://doi.org/10.1111/1365-2745.13479
https://doi.org/10.2307/1941808
https://doi.org/10.1016/j.agrformet.2005.08.016
https://doi.org/10.1016/j.agrformet.2005.08.016
https://doi.org/10.1515/BOT.2011.061
https://doi.org/10.1515/BOT.2011.061
https://doi.org/10.3354/ab00148
https://doi.org/10.3354/ab00148
https://doi.org/10.3354/ab00148
https://doi.org/10.3354/ab00148
https://doi.org/10.1007/s10533-007-9075-5
https://doi.org/10.1080/17451000.2017.1333620
https://doi.org/10.1080/17451000.2017.1333620
https://doi.org/10.1016/j.seares.2005.04.006
https://doi.org/10.1016/j.seares.2005.04.006
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1016/j.aquabot.2012.09.010
https://doi.org/10.1016/j.tree.2014.10.004
https://doi.org/10.1016/j.tree.2014.10.004
https://doi.org/10.3354/meps185257
https://doi.org/10.1088/1748-9326/7/2/024026
https://doi.org/10.1016/j.seares.2016.05.005
https://doi.org/10.1016/j.marpolbul.2013.07.044
https://doi.org/10.1016/j.marpolbul.2013.07.044
https://doi.org/10.3389/fpls.2020.571363
https://doi.org/10.3389/fpls.2020.571363
https://doi.org/10.1021/ac60032a019
https://doi.org/10.1016/j.agrformet.2019.107708
https://doi.org/10.1038/nmeth.2023
https://doi.org/10.1016/j.ecss.2015.11.026
https://doi.org/10.4319/lo.1994.39.8.1985
https://doi.org/10.4319/lo.1994.39.8.1985
https://doi.org/10.1098/rspb.2019.3001
https://doi.org/10.1098/rspb.2019.3001
https://doi.org/10.1016/j.marpolbul.2012.01.041
https://doi.org/10.1016/j.marpolbul.2012.01.041
https://doi.org/10.1016/j.aquabot.2012.06.007
https://doi.org/10.1016/j.aquabot.2013.10.001
http://arxiv.org/pdf/1308.5499.pdf
http://arxiv.org/pdf/1308.5499.pdf
https://doi.org/10.3389/fmars.2020.00300
https://doi.org/10.3389/fmars.2020.00300
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Helber et al.

Stress Indicators of Halophila stipulacea

example from the northern Gulf of Aqaba, Red Sea. Aquatic Conserv.: Mar.
Freshw. Ecosyst. 27, 324-339. doi: 10.1002/aqc.2688

Winters, G., Shem Tov, R., Elmaliach, T., Edelist, D., and Rilov, G. (2015).
Assessment of seagrass communities in the northern Gulf of Aqaba: mapping
their distribution. Peer] PrePrints 3:e1175v1. doi: 10.7287/peerj.preprints.1175

Worm, B., Reusch, T. B. H., and Lotze, H. K. (2000). In situ nutrient enrichment:
methods for marine benthic ecology. Int. Rev. Hydrobiol. 85, 359-375. doi:
10.1002/(SICI)1522-2632(200004)85:2/3<359::AID-IROH359<3.0.CO;2-1

Wurgaft, E., Steiner, Z., Luz, B., and Lazar, B. (2016). Evidence for inorganic
precipitation of CaCO3 on suspended solids in the open water of the Red Sea.
Mar. Chem. 186, 145-155. doi: 10.1016/j.marchem.2016.09.006

Zulfikar, A., and Boer, M. (2020). Assessment of Thalassia hemprichii seagrass
metrics for biomonitoring of environmental status Assessment of Thalassia
hemprichii seagrass metrics for biomonitoring of environmental status
Assessment of Thalassia hemprichii seagrass metrics for biomonitori. Earth
Environ. Sci. 420:012037. doi: 10.1088/1755-1315/420/1/012037

Zuur, A. F., Ieno, E. N., Walker, N. ], Saveliev, A. A., and Smith, G. M. (2009).
Mixed Effect Models and Extension in Ecology with R. New York, NY: Springer.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Helber, Winters, Stuht, Belshe, Brohl, Schmid, Reuter and
Teichberg. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Plant Science | www.frontiersin.org 22

August 2021 | Volume 12 | Article 678341


https://doi.org/10.1002/aqc.2688
https://doi.org/10.7287/peerj.preprints.1175
https://doi.org/10.1002/(SICI)1522-2632(200004)85:2/3<359::AID-IROH359<3.0.CO;2-I
https://doi.org/10.1002/(SICI)1522-2632(200004)85:2/3<359::AID-IROH359<3.0.CO;2-I
https://doi.org/10.1016/j.marchem.2016.09.006
https://doi.org/10.1088/1755-1315/420/1/012037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Nutrient History Affects the Response and Resilience of the Tropical Seagrass Halophila stipulacea to Further Enrichment in Its Native Habitat
	Introduction
	Materials and Methods
	Study Sites
	Experimental Set-Up
	Environmental Sampling
	Percent Cover
	Shoot Density, Biomass, and Morphological Parameters
	Plant Collection for Biochemical Parameters
	Carbon and Nitrogen Tissue Content and Natural Stable Isotopes
	Carbohydrate Reserves
	Sediment Natural Stable Isotope Composition
	Statistics

	Results
	Environmental Variables
	Sediment Natural Stable Isotope Composition
	Changes Between Seasons (July 2019 and December 2019) and With Fertilization
	Percentage Cover, Shoot Density, and Biomass
	Morphological Parameters
	Carbon, Nitrogen, and Phosphorous Content and δ13C and δ
15N Stable Isotopes
	Non-structural Carbohydrates
	Leaves
	Rhizomes


	Principal Component Analysis (PCA)

	Discussion
	Environmental Conditions Across Sites
	The Morphological and Community-Level Responses of H. stipulacea Populations to in situ Fertilization
	Individual Plant Responses as Indicators of Stress
	Morphological Traits
	Nutrient Content and Isotopic Signatures (δ15N and δ
13C)
	Carbohydrates


	Ecological Implications
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


