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Seagrass meadows are declining globally. In Indonesia, 75% loss has been reported in
the last 5 years. The decrease of the seagrass area is influenced by the simultaneous
occurrence of many factors at the local and global scale, including nutrient enrichment
and climate change. This study aims to find out how increasing temperature and
nutrient enrichment affect the morphological, biochemical and physiological responses
of Enhalus acoroides in the seedling phase, which has not previously been studied.
To achieve these aims, a laboratory experiment of combined temperature and nutrient
treatments was conducted using recently-germinated seedlings of E. acoroides. The
results showed that the seedlings were tolerant to an extended exposure to the current
ambient maximum temperature. Under higher temperature treatment, the seedlings were
observed to increase in aboveground size traits (e.g., number of leaves, leaf length,
biomass, and leaf area), as well as in belowground traits, such as root length. The results
in this study also showed that the initial seed size matters for morphological responses.
On the contrary, nutrient responses of seedlings were practically absent, suggesting they
could rely on internal reserves. Interaction between both factors was limited, with the
exception of low temperature and high nutrient treatment, in which the AG:BG ratio and
leaf elongation rate increased. Fluorescence parameters were not influenced by any of
the water treatments. The results in this study suggest that E. acoroides seedlings rely
energetically in the reserves within the seedling and that increasing temperature might
result in faster seedling development, although no interactions with other organisms were
tested. This is of importance when studying the resilience capacity of this species and
when restoration attempts are planned, as a faster root development would provide a
faster stabilization in the sediment and the survival of the whole plant.

Keywords: tropical seagrass, Indo-Pacific, traits, growth, nutrient content, photosynthesis, carbohydrates,
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INTRODUCTION

Seagrasses are marine flowering plants that are globally
distributed and can form dense meadows in shallow water
coastal environments (Duarte, 1991, 2001; Duarte and Cebridn,
1996; Short et al, 2007). They are key ecosystem engineers
and the only submerged marine species with both above-
(AG) and below-ground (BG) tissues that sustain multiple
ecosystem services and functions. Seagrasses fuel food webs
by supplying a combination of food and shelter to various
macro flora and fauna, including commercially important
fish species, sustain high rates of primary production, filter
coastal waters by capturing particles and dissolved nutrients,
participate in nutrient cycling, and provide coastal protection
by attenuating waves and stabilizing sediments by their singular
BG tissues (Hemminga et al., 1991; Duarte and Cebridn, 1996;
Hemminga and Duarte, 2000; Duarte, 2001; Cullen-Unsworth
and Unsworth, 2013; Tuya et al., 2014; Weitzman et al., 2015).
Seagrass meadows also help to mitigate climate change by
the capture and storage of organic carbon (“blue carbon”),
reducing CO; concentrations in seawater (Fourqurean et al.,
2012; Macreadie et al., 2019). Despite their global significance
the attention paid to seagrass meadows is much lower than other
coastal ecosystems (Cullen-Unsworth et al., 2014).

Seagrasses are also one of the most threatened ecosystems due
to their presence in coastal areas (Orth et al., 2006; Burkholder
et al., 2007), where they are declining globally, with a loss of
29% from 1876 to 2006 (Waycott et al., 2009). Many factors
have been identified as the reason for this decrease, both at
the local and global scale, including nutrient enrichment and
climate change (Orth et al., 2006; Waycott et al., 2009). Regional
losses may be even higher in the tropics, such as in Indonesia,
where 75% loss has been reported in the last 5 years (Unsworth
et al,, 2018). Tropical ecosystems are biodiversity hotspots,
with the tropical Indo-Pacific bioregion hosting 24 of the
approximately 60 seagrass species (Short et al., 2007). As seagrass
traits and functions sustaining different ecosystem services and
the stressors that affect them are species-specific, multi-specific
assemblages have a greater probability of containing a greater
functional diversity, but also greater losses (Duarte, 2000).

Human development and associated activities (e.g.,
agriculture, fish and seaweed aquaculture) have triggered land
use changes and urbanization which have led to an increase in the
concentration of nutrients and sediments into the coastal waters.
This nutrient increment exceeds the nutrient cycling capacity of
the system, increasing the organic carbon supply, and ultimately
leading to eutrophication processes that are characterized
by algal blooms, epiphyte growth, anoxic conditions in the
sediments and, eventually, biodiversity loss and seagrass death
(Lee et al., 2006; Khan and Mohammad, 2014). The effects of
nutrient enrichment depend on species-specific features, such as
nutrient uptake capacity, the level of nutrient surplus that can
vary from moderate to severe, and on local physical conditions,
such as currents and tides. Eutrophication has been identified
as one of the most important factors affecting productivity,
community carbon dynamics, and seagrass growth, and is one of
the major threats confronting coastal ecosystems. Direct effects

occur through stability of physiological mechanisms (Burkholder
et al,, 1992; Bird et al., 1998; Brun et al., 2002; Invers et al., 2004;
Touchette and Burkholder, 2007) causing increased nutrient
uptake ability (Viana et al., 2019), nutrient imbalance (Li et al,,
2019), changes in morphological indices (Mvungi and Pillay,
2019), changes in growth (Terrados et al., 1999a), changes in
sexual reproduction (Duarte et al., 1997), or direct ammonium
toxicity (Van Katwijk et al., 1997). Indirect effects of nutrient
inputs occur through blooming algae which cause light depletion
or nutrient competition (Duarte, 1995; Short et al., 1995; Moore
and Wetzel, 2000; Nixon et al., 2001; Burkholder et al., 2007),
through the ecological role of herbivores due to modifications in
palatability and plant defenses against herbivory (Tomas et al.,
2015; Jiménez-Ramos et al., 2017; Marco-Méndez et al., 2017;
Campbell et al., 2018; Herndn et al., 2019), or through oxygen
depletion in sediments (Terrados et al., 1999b). Therefore, the
effects of nutrients on seagrass responses range from no impacts
to positive or negative impacts. Tropical systems are oligotrophic
and naturally nutrient limited; therefore, even small amounts of
nutrient additions might rapidly increase competence among
primary producers.

Climate change may also impact seagrasses due to rising mean
water temperatures and more frequent and lengthy heat waves
(Marba et al., 1996; Short and Wyllie-Echeverria, 1996). Impacts
of temperature increase can be detected at the plant level and
have been found to benefit the growth, biomass (Masini et al.,
2001), flowering (Diaz-Almela et al.,, 2007), or photosynthetic
rates (Campbell et al., 2006) of several seagrass species. But
if elevated temperature rises above a threshold, or persist for
longer periods of time, effects could be detrimental and result
in community structure damages by causing impacts on seagrass
metabolism and nutrient uptake ability (Lee et al., 2007; Moore
and Short, 2007; Collier and Waycott, 2014). This can eventually
lead to die off if extreme temperatures persist (Cambridge
et al, 1986; Bulthuis, 1987; Short and Neckles, 1999; York
et al., 2013). Recent experiments suggest that heat waves may
enhance the autotrophic metabolism of seagrass communities
in contrast to other previous research suggesting solely negative
effects (Egea et al., 2019). Therefore, temperature is of crucial
importance in determining seagrass metabolism, growth and
survival. While climate change has not yet significantly impacted
seagrass areas in Indonesia (Unsworth et al., 2018), it is
essential to take in consideration that tropical seagrasses are
growing closer to their photosynthetic and physiological limits
in comparison to temperate seagrasses, making them highly
vulnerable to rising temperature thresholds caused by climate
warming (Tewksbury et al., 2008).

The ecosystem functions performed by seagrasses are
consequences of their physiological, biochemical and
morphological traits. Therefore, even though changes in
seagrass traits could be seen as positive for individual seagrass
plants (i.e., increasing growth or photosynthetic rate), it could
also lead to changes in their functions and imbalances in their
biotic and abiotic interactions, negatively affecting the ecosystem
services they perform. For example, it could lead to changes
in hydrodynamic conditions or sedimentation rates (Fonseca
et al.,, 2019) which affect the distribution of organisms within the
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canopies, and therefore, biodiversity (Gonzédlez-Ortiz et al., 2014;
Jiménez et al., 2019; Meysick et al., 2019). Seagrass responses
to changes in nutrient and temperature conditions can be
measured by changes in their trait values which are often used
as indicators of environmental stress in coastal management.
Different traits have been identified as indicators of seagrass
stress such as nutrient inputs, temperature or shading (Lee et al.,
2007; Martinez-Crego et al., 2008; De los Santos et al., 2016; Roca
et al., 2016). But seagrass plants are rarely affected by just one
variable and identifying the effect of single stressors is a challenge
in natural seagrass meadows. The interaction between stressors
is now viewed as a crucial issue, and it is suggested that single-
factor experiments are not adequate for assessing the effects of
several disturbances on coastal marine ecosystems (Wernberg
et al,, 2012; Todgham and Stillman, 2013; Ontoria et al., 2019).
In this way, laboratory experiments under controlled conditions
might help to isolate the effects on plant trait variability of
single and multiple stressors. These physiological experiments
are also needed in order to make predictions about seagrass
resilience or tolerance to future climate scenarios. The combined
impacts of rising temperature and increased nutrient loading
has been studied in adult species of Zostera spp. and Cymodocea
nodosa (Touchette and Burkholder, 2002; Touchette et al., 2003;
Kaldy, 2014; Jiménez-Ramos et al., 2017; Mvungi and Pillay,
2019; Ontoria et al., 2019), but, as far as we know, no studies
were carried out in seagrass early life stages. There are few
works on the combined effects of other stressors in seagrass
seedlings but none in tropical species (Herndn et al., 2016;
Alexandre et al., 2018; Pereda-Briones et al., 2018, 2019; Yue
etal., 2019).

Enhalus acoroides is a tropical seagrass with a high tolerance
to environmental changes such as temperature and nutrients
(McMillan, 1984; Terrados et al., 1999a), and therefore, changes
in its morphological, biochemical or physiological traits can
be used as indicators to increasing temperature and varying
nutrient fluctuations. E. acoroides is also an ecosystem engineer
which, by altering the physical and chemical properties of the
environment, can facilitate the presence of species that otherwise
would be absent. The opportunity of colonizing new habitats
and the genetic diversity provided by sexual reproduction
could make seagrass populations more resistant to the current
changing scenario. In addition, due to the highly variable flower
production and low success of seedling establishment, sexual
reproduction and seedling stages are critical phases in the life of
seagrasses (Bewley and Black, 1994; Schupp, 1995; Peterson and
Baldwin, 2004). However, there is a lack of research conducted
on E. acoroides seeds and seedlings in order to understand
their response to various environmental changes. This is of
importance as seagrass restoration programs could be based
on adult seagrass transplantation or on generative techniques.
Planting seedlings is a cost-efficient method for large-scale
seagrass meadow restoration. However, the main limitation of
seedling establishment programs is the low seedling survival
rate observed due to unsuitability of environmental conditions
(Ambo-Rappe et al, 2019). Therefore, the study of seedling
trait responses under different environmental conditions, such as
temperature or nutrient enrichment, on this early-life phase may

enhance future restoration and conservation management plans
of these threatened ecosystems.

This study aims to assess the morphological, physiological and
biochemical trait responses of the seedling stage of E. acoroides
to increased temperature and nutrient enrichment. Furthermore,
the results of this study will provide important information
and serve as a reference to predict the effects of temperature
changes, as a proxy for climate change conditions, and nutrient
enhancement on seagrass survival. To achieve these aims, a
laboratory experiment was conducted using seedlings of E.
acoroides under the combination of increased temperature and
nutrient enrichment. We hypothesized that seedlings of E.
acoroides might be tolerant to rising temperatures and that
nutrient enrichment would increase their growth performance,
causing synergetic effects under higher temperature.

MATERIALS AND METHODS

Collection and Maintenance of Seagrass
Seeds

Fruits of E. acoroides were collected on mid-January 2017
on the southwest side of Barrang Lompo Island, South
Sulawesi, Indonesia (S 5°03°05, E 119°19°37), where E. acoroides
is abundant at a depth range of 1-3m. Highest nitrate
concentrations in the area range between 0.1 and 0.6 LM,
while phosphate concentrations range between 0.12 and 0.14 uM
(Kegler et al., 2018). Annual temperature range in the dry
season varies in this area between 26 and 32°C (Teichberg
et al, 2018). During seed collection, we measured 28-32°C
during mid-day. The ripe seagrass fruit was opened, packed in
a Styrofoam box with wet breathable polyester fiber sheets, and
then transported to the Marine Experimental facilities (MAREE)
at the Leibniz Centre for Tropical Marine Research (ZMT) in
Bremen (Germany) in <24h. Once at the MAREE, seeds were
planted directly in polypropylene trays previously filled with
silicate sediment of at least 10 cm depth.

All trays with seeds were kept in 250-1 aquaria filled with low
nutrient artificial sea water (ASW) (Red Sea Salt, Red Sea Europe
Company) under controlled conditions of light irradiance (200
+ 30 pmol photons m~2 sy, temperature (26 + 1°C) and
salinity (35 PSU) for a 1 week acclimation phase until the root
and some leaf growth was observed (at which point they entered
the seedling stage). The photoperiod of the fluorescent lights was
12:12 h light:dark cycle.

Experimental Design and Setup

We conducted a full-factorial experiment combining two water
temperatures (26 and 31°C) representing the minimum and
maximum temperatures within the home region that seagrasses
are currently exposed to, and two nutrient treatments (low
nutrient concentrations of 2puM of NH4NO3; and 0.1 uM
KH,POy4 and high nutrient concentrations of 20 M of and
1 M of NH4NO3 and KH,POy). This yielded in 4 experimental
treatments: low temperature and low nutrient concentrations,
low temperature and high nutrient concentrations, high
temperature and low nutrient concentrations, and high
temperature and high nutrient concentrations. The experiment
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was conducted under laboratory conditions in an indoor
flow-through system at the MAREE (ZMT, Bremen) with 24
individual aquaria with 29 x 13 x 30cm dimensions and 101
volume (Figure 1A). Seedlings (consisting of visible cotyledon,
seeds and no roots at the beginning of the experiment) were
categorized as small (diameter between 0.6 and 1.0 cm), medium
(diameter between 1.1 and 1.5cm) and large (diameter between
1.6 and 1.7 cm). One seedling of each size was distributed in each
aquarium, making a total of three seedlings per aquarium. The
aquaria additionally contained adult seagrasses from 3 different
species (Viana et al., in prep).

The target temperature values were obtained by placing
aquaria in larger experimental tanks (ETs) of 2501 that acted
as water baths maintaining a constant water temperature. Six
aquaria were placed in 4 different ETs following a split-plot
experimental design with nutrient treatments nested within the
4 ETs set at the two temperatures (Figure 1A). There was no
interaction between aquaria that acted as replicates (n = 6).
Water temperature was controlled in each ET by using heaters
(EHEIM) connected to an individual electronic system that was
continuously regulating the temperature of the water bath by
digital controllers and individual temperature probes (£0.2°C).
Air pumps were also placed in each ET to ensure water movement
of the water bath. The light was provided by LED lamps (Hydra
Fifty-two HD, Aqualllumination®, Iowa), 2 lamps were placed
at the same height at the top part of each ET, providing 200
4+ 20 wmol m~2 s~! of light (measured at each aquarium to
ensure homogeneous irradiance). Light was set on a 12:12h
light:dark photoperiod with sunrise and sunset simulation.
Transparent PVC lids were placed on each ET to reduce
water evaporation.

High and low nutrient ASW solutions were individually
supplied to each of the 24 aquaria from two different water
reservoirs of ~1151 each, with either high or low nutrient
concentrations using a 24-channel peristaltic pump (ISMATEC,
Germany). The flow from both water reservoirs was maintained
at a constant rate at ~5.81 d~! ensuring total water renovation
inside each aquarium every ~1.5 days. Water reservoirs were
manually emptied from any remaining water and refilled with
fresh ASW every other day. Nutrients to the water reservoirs
were added in a previously dissolved form from stock solutions
of NH4NO3 and KH,POy4 (Merck, Germany). Once in the water
reservoir, ASW was gently mixed and an air pump was placed in
each water reservoir to ensure further aeration and mixing. Air
pumps were placed in each aquarium to ensure water aeration
and mixing by moving water from the bottom to the top. Water
constantly overflowed from the aquaria to the water bath of the
ETs ensuring water renewal. At the same time, ETs were drained
of the surplus water flowing out of the aquaria. Algae were
removed from the blades of the plants throughout the experiment
but not from the rest of the aquaria.

For the experiment to begin, the temperature was increased
in 2 random ETs from 26 to 31°C at 1°C d~! while the
other 2 ETs remained at the initial temperature of 26°C. Once
the desired temperatures were stable in all ETs, the nutrient
enrichment began. From that moment, the experiment lasted for
approximately 1 month (January 20th to February 22nd, 2017).

Water Sampling

Water parameters, including pH, temperature and salinity, were
monitored three times per week during the treatment phase
with a multi parameter probe (WTW Multiprobe). During the
experiment the temperature inside aquaria was also continuously
monitored by Hobo loggers (Onset, MA, USA) placed in one
random aquarium of each ET (n = 4). Water samples were taken
every week from the two water reservoirs and random aquaria of
each treatment (n = 4 each week) for DIN (dissolved inorganic
nitrogen, NH, , NO; and NO; ); silicate and phosphate. Water
samples were sampled with a syringe, immediately filtered
(0.45 pm pore size) in pre-rinsed polyethylene bottles and frozen
(—20°C). Analysis was performed using a continuous flow
injection analyzing system (Skalar SAN-++-System) following
Grasshoff et al. (1999).

At the end of the experiment, water samples from all aquaria
were collected and immediately filtered for chlorophyll a and b
(Chl-a and -b) measurement. Water was filtered under constant
pressure onto pre-combusted (5 h, 450°C) Whatman GF/F filters.
Filters for Chl-a and -b analysis were stored at —20°C. Pigments
were extracted from the filters in 8 ml of 96% ethanol in glass vials
placed for 5min at 80°C and subsequently placed in a rotor at
room temperature in the dark for approximately 24 h. Extracts
were subsequently centrifuged at 5,000 rpm for 20 min. Chl-a and
-b samples were determined in a photometer Shimadzu UV-1700.

Seedlings Morphological and Physiological

Traits

At the end of the experiment, seedlings were removed from
the aquaria and the morphological measurements on each
plant were first performed. Afterwards, plants were carefully
separated with a glass slide into the different parts: leaves
(for fluorescence measurements and nutrient content), seeds
and roots (for nutrient content). While morphological and
fluorescence measurements were individually performed on the
three seedlings, the nutrient content was analyzed in the pooled
material of the three seedlings from each aquarium. Samples of
the separated plant were gently cleaned with distilled water to
remove any sediment or epiphytes and subsequently frozen at
—80°C until analysis.

Morphological Traits

Seagrass  morphological  traits determined by
measuring the length, width and number of leaves
per seedling, the length and number of roots, the height
and diameter of seeds and the biomass of leaves, seeds
and roots. AG (blades) and BG (roots) biomass was also
determined (£0.01 g).

were

Growth Rates

Seedling growth rate measurements were done using the leaf
marking method (Short and Duarte, 2001). At the beginning of
the experiment, leaves were perforated close to the seed using
a pin. At the end of the experiment, the length from the seed
to the mark of each leaf was measured. Leaf growth rates were
obtained by dividing the elongation (distance from the base to
the mark) with the number of days since the seagrass leaves
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FIGURE 1 | (A) Nutrient and temperature split-plot experimental design. Artificial seawater was individually supplied to aquaria (n = 24) from reservoirs with either high
nutrient (dot boxes/circle) or low nutrient artificial seawater (strip boxes/circle) using a peristaltic pump. Six aquaria were placed in each experimental tank (ET) that
acted as a water bath maintaining a constant temperature of either 26°C (white boxes) or 31°C (black boxes), with no interaction between aquaria that acted as
replicates (n = 6). (B) Experimental split-plot design with two blocking factors. Temperature and nutrient treatments are the fixed effects (explanatory variables) in the
model, and they are fully crossed (nutrient treatments are not nested by temperature treatments). Temperature, as it groups ETs and aquaria, is a group level predictor.
Nutrients, as it groups the observation units (seedlings) is a data level predictor. ET and aquaria are nesting variables, this means that ET nests the aquaria and the
aquaria nests the observation units (seedlings). The seedlings are also further classified as large, medium and small.
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were marked. Surface area (SA) was calculated with the following
Equation (1).

__ distance from the base to the mark x leaf width

SA Growth rate (cm*d™") ber of d
number of days

(1)

Photosynthetic Performance

A PAM-2500 (Walz, Germany) was used for the measurement of
the fluorescence of the seagrass through rapid light curves (RLC).
The optical cable of the PAM was attached with leaf clips to the
second leaf of the seedling, above the meristem, and at 3mm
distance from the tissue. The leaves were dark adapted for 5 min
before measurement.

The RLC consisted of 12 saturating light pulses (separated
by 30's intervals), increasing the photosynthetic active radiation
(PAR) between pulses until 2,001 wmol photons m~—2 s~!. From
the data of the RLC, several parameters were calculated.

Light saturation coefficient (Ek) and the slope of the light
limited part of the curve (Alpha) were calculated using the
package Phytotools (Silsbe and Malkin, 2015) with the R software
(R Core Team, 2019) following the model of Jassby and Platt
(1976). The maximum light utilization efficiency or maximum
quantum yield was calculated following Equation (2) (Genty
et al., 1989).

. . (Fm — Fo)
Maximum quantum yield = —— 2
q y o (2)
Where Fy, is the maximum dark-adapted fluorescence and F, is
the minimum dark-adapted fluorescence. The relative electron
transport rate (rETR) was calculated for each step of the curve
following Equation (3) (Sakshaug et al., 1997).

Fm' —F  PAR
rETR = ——— x —— (3)
Fm'’ 2
Where Fm’ is the light adapted maximum fluorescence and
F the fluorescence yield at a particular light level. From the
rETR values, maximum rETR (rETRmax) was calculated as the
inflection point of the fitted rETR curve.

Nutrient Content

Leaf, seed and root nitrogen (N) and carbon (C) content (%N and
%C, respectively) was analyzed on previously dried (60°C, 48 h)
and powdered seagrass tissue samples. Aliquots of the samples
were weighed into tin capsules using an analytical scale prior to
analysis (Euro EA3000 Elemental Analyzer).

Non-structural Carbohydrate (NSC) Content

The concentrations of soluble sugars (sucrose) and starch were
measured on leaf and seed material that was previously freeze-
dried (48 h) and ground to a fine powder. Sucrose was extracted
from plant tissue by heating (80°C) in 95% EtOH. The ethanol
extracts were subsequently evaporated bubbling the samples with
N, and the remaining residues were dissolved in deionized
water for sucrose analysis. Starch was extracted during 24 h from
the ethanol-insoluble residue in 0.1 N NaOH. The sucrose and
starch concentrations were determined spectrophotometrically

(486 and 640 nm, respectively) using an F200-Pro TECAN® plate
reader. Resorcinol and anthrone assays were used for sucrose
and starch determination, respectively, and sucrose was used
as the standard for the calibration curve (Yemm and Willis,
1954; Huber and Israel, 1982). Results were reported in glucose
equivalents g~! DW. Current testing of this method has shown
that NaOH extracts both starch and cellulose which can confound
the results. Regarding the sucrose determination, this method
only determines ketoses (as fructose) so we are ignoring the
other component of sucrose, glucose, underestimating the final
concentrations (M. Birkicht, personal communication).

Statistical Analysis

The experiment followed a split-plot design with three nesting
factors (Schielzeth and Nakagawa, 2013). The two main factors
(temperature and nutrient treatments) had two levels each
(26 and 31°C, and low and high nutrient concentrations,
respectively), which were fully crossed.

We used permutational multivariate analysis of variance
(PERMANOVA) (Anderson et al., 2008) to analyze the data.
The statistic to test the null hypothesis of no differences in
the position of the group centroids in the space of the chosen
dissimilarity measure is the pseudo F-statistic. The fixed effects
in the model were temperature and nutrient treatments, the
seedling size and their interactions, together with the nesting
factors temperature, ET and Aquarium. Three seedlings were
nested in each aquarium; six aquaria were nested in four ETs,
and two ETs were nested within each temperature treatment.
Seedlings, with 3 levels of sizes, were evenly distributed between
aquaria (Figure 1B). Seedling size and Aquarium were not
included as factors in the model for biochemical trait analysis
because seedling samples within the same aquaria were pooled.
Data was scouted for outliers, which were identified as data
exceeding 1.5 times the interquartile range of variation of the
dataset. Outliers were eliminated from the model when they
did not allow for meeting the model assumptions. Afterwards,
we calculated the dissimilarity matrix using the Euclidean
dissimilarity measure for all continuous variables and the Bray-
Curtis dissimilarity measure for the count variable (number of
leaves). The assumptions of exchangeability of permutable units
and homogeneity of multivariate dispersion were tested before
analysis. When the homogeneity of multivariate dispersions
was not met, the data were transformed (square root, log
or inverse) and the dissimilarity matrix was recalculated.
Once the assumptions were met, the model selection was
performed with the Akaike Information Criterion (AIC). The
model with the lowest AIC was chosen with three extra rules:
The nesting variables and seedling size, and the interaction
Temperature*Nutrient treatment was never dropped from the
model to avoid pseudo-replication and because it was part of
the hypothesis, respectively. If the final model had no significant
interaction with seedling size, these interactions were dropped
for simplification. The statistical analysis in the variable number
of roots could not be performed due to presence of zeros in
the data, which does not allow for the calculation of the Bray-
Curtis dissimilarity matrix. Starch concentration in seeds was not
analyzed as homogeneity of multivariate dispersion assumptions
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could not be met. Water parameters (DIN, phosphate, and Chl-
a and -b) and temperature in aquaria were compared using
PERMANOVA, while DIN and phosphate concentrations in
water reservoirs were analyzed using a two-way ANOVA.

We used R software to perform the analysis (R Core Team,
2019) with the adonis2 function of the package “vegan” (Oksanen
et al., 2019). Temperature, nutrient, seed size, their interactions
and the nesting structure (Temperature:ET:Aquarium) were the
fixed effects in the model. The permutational unit for the
model was the aquarium with 999 permutations, which is the
recommended minimum number to test at an alpha-level of 0.05
(Manly, 1997).

RESULTS

Experimental Water Chemistry and Trophic
Conditions Within the Aquaria

Water temperature was nearly constant throughout the
experiment and within the target temperatures (PERMANOVA,
P < 0.01) (Table 1). Nutrient concentrations in the two main
water reservoirs that continuously provided ASW to the aquaria
were within the target concentrations throughout the experiment
and were significantly different between the nutrient treatments
(two-way ANOVA, P < 0.001). Once in the aquaria, however,
nutrients were rapidly taken up resulting in low inorganic
nutrient concentrations in all treatments regardless of the inputs
(PERMANOVA, P > 0.05). In fact, some of the concentrations
measured were not included in the analysis as they were below
the quantification limit. Chl-a concentrations in the water
column were higher in the high nutrient treatments (2.6-5.9
ng 171 than in the low nutrient treatments (2-2.1 ng )
and significantly higher in the high temperature and high
nutrient treatment (5.91 g 17!); Chl-b concentrations also
increased in the high temperature and high nutrient treatment
although no significant concentrations were observed among
treatments (PERMANOVA, P > 0.05). Therefore, the different
treatments effectively changed trophic conditions within aquaria,

as indicated by the increased Chl-a and Chl-b concentrations,
as well as other algal blooms which were observed in the high
nutrient treatments. Although the abundance of these other
microorganisms could not be quantified, they were observable
by naked eye and could be felt as a slimy layer on the aquaria
and some seagrass leaves. They also formed fluffy masses with
a slimy feel which disintegrated when attempts were made to
capture them. Therefore, even though nutrient concentration
parameters in aquaria were low, other observable parameters
suggested eutrophic conditions were occurring in the high
nutrient treatments. These symptoms were especially noticeable
when high nutrients were combined with high temperature,
leading to a greater growth of epiphytic algae. The salinity, pH
and silicate values were constant across all treatments.

Seedling Traits

Seagrass seedling morphological traits and biochemical
and physiological traits are shown in Tables2, 3. Results
of the PERMANOVA analyses are shown in Tables4, 5
for morphological and biochemcial and physiological
traits respectively.

Seedling Morphological Traits
Seagrass seedling morphological traits showed a greater response
to temperature changes with fewer traits affected by nutrient
enrichment (Table 2). Leaf traits showed the greatest differences
relative to root traits, especially under different temperature
treatments (Table 4). The high temperature and low nutrient
treatment had 5 leaves, while all other treatments had 4 leaves per
seedling. Maximum leaf length was the highest in the high
temperature treatments, particularly when combined with high
nutrients. This also had an impact on leaf SA and AG biomass,
although significant interactions were not observed. The only
seed trait that was significantly influenced by temperature was the
diameter. Seed height and biomass were not significantly affected
by any of the treatments (Tables 2, 4).

All seedlings had two roots except for the low temperature
and high nutrient treatment that just had one root (Table 2).

TABLE 1 | Experimental water quality parameters.

Treatments
n 26°C + Low nutrient 31°C + Low nutrient 26°C + High nutrient 31°C + High nutrient

DIN (uM) R 4 5.66 + 0.51 22.40 £+ 0.98
PO, (M) R 4 0.19 £ 0.01 1.01 £0.04
Water temperature (°C) 25* 26.25 + 0.05 31.01 £ 0.07 26.28 + 0.03 31.01 £ 0.05

3735+ 26.47 + 0.003 31.13 + 0.004 26.22 + 0.004 31.48 + 0.002
Salinity 25 35.43+£0.12 35.39 + 0.10 35.33 + 0.07 35.39 &+ 0.11
pH 12 8.47 £ 0.02 8.39 + 0.02 8.67 + 0.03 8.59 + 0.02
DIN (M) 5-10 0.62 +0.33 0.88 + 0.44 0.64 + 0.31 1.25+0.01
PO, (LM) 5-10 0.15 £ 0.01 0.14 +£0.02 0.14 £+ 0.00 0.14 £+ 0.01
Si (uM) 5-10 0.71 £0.07 115+ 0.22 0.91 +£0.20 0.85 + 0.06
Chl-a (ng I"") 24 2.07 £0.53 2.07 £ 0.53 2.59 +0.98 591 +2.41
Chl-b (ng 1-") 24 0.36 £ 0.07 0.36 &+ 0.07 0.42 +0.18 0.88 + 0.43

Water temperature (°C) data correspond to the multiprobe (*) and Hobo loggers (1) measurements. DIN (Dissolved inorganic nitrogen as the sum of NHj{, NOj; and NO; ) and phosphate
(PO, ) concentrations in water reservoirs (R) and random aquaria are shown. Values are given as means (+SE).
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TABLE 2 | Morphological traits (mean + SE, n = 6) of Enhalus acoroides
seedlings in the four different temperature (Temp) and nutrient treatments at the
end of the experiment.

TABLE 3 | Biochemical and physiological traits (mean + SE, n = 6) of Enhalus
acoroides seedlings in the four different temperature (Temp) and nutrient
treatments at the end of the experiment.

Traits Treatments
Temp Low nutrient High nutrient
Ne of leaves seedling™" 26°C 4 (£0.13) 4 (+£0.31)
31°C 5(+0.18) 4 (+£0.35)
Maximum leaf length (cm) 26°C 1.79 (£0.17) 1.97 (+0.25)
31°C 3.45 (+0.33) 4.19 (£0.33)
Leaf width (cm) 26°C 0.35 (£0.01) 0.33 (£0.01)
31°C 0.38 (£0.03) 0.37 (+£0.01)
Leaf SA (cm?) 26°C 3.40 (£0.9) 3.44 (+£0.32)
31°C 7.86 (£0.98) 9.34 (+0.78)
AG biomass (g FW) 26°C 0.19 (£0.02) 0.18 (+0.02)
31°C 0.28 (£0.03) 0.31 (+£0.02)
Seed diameter (cm) 26°C 1.03 (£0.03) 1.05 (+£0.04)
31°C 1.13 (£0.07) 1.17 (£0.07)
Seed height (cm) 26°C 1.14 (£0.03) 1.11 (£0.03)
31°C 1.14 (£0.07) 1.21 (+£0.09)
Seed biomass (g FW) 26°C 0.63 (£0.04) 0.68 (+0.04)
31°C 0.73 (+0.05) 0.76 (+£0.07)
N° of roots 26°C 2 (+0.25) 1(+0.06)
31°C 2 (+£0.21) 2 (£0.15)
Maximum root length (cm) 26°C 2.92 (+£0.42) 2.43 (£0.21)
31°C 9 (+0.2) 5.62 (+£0.27)
BG biomass (g FW) 26°C 0.12 (+£0.02) 0.05 (+0)
31°C 0.25 (+£0.04) 0.21 (+£0.04)
Ratio AG:BG 26°C 2.48 (£0.68) 7.53 (£3.16)
31°C 1.30 (£0.16) 2.11 (£0.28)
Ratio BG:Seed 26°C 0.16 (£0) 0.08 (+0.02)
31°C 0.33 (+0.05) 0.27 (£0.04)
Ratio AG:Seed 26°C 0.30 (+0.02) 0.25 (+0.03)
31°C 0.40 (+£0.02) 0.43 (£0.03)
Total biomass (g FW) 26°C 0.95 (+0.08) 0.88 (£0.07)
31°C 1.23 (£0.13) 1.28 (+0.13)

SA, Surface area; AG, above-ground tissues; BG, below-ground tissues.

Maximum root length and root biomass were significantly
higher in the high temperature treatments (Table 4). Overall, the
total seedling biomass was the highest in the high temperature
treatments (Figure 2), and there was an effect of the initial
seed size (Table4). Seed biomass was the highest, with no
differences among treatments, followed by AG, and lowest
in BG biomass, which showed a significant decrease in low-
temperature treatments (Table 4). Seed size also had an effect
on almost all biomass traits, BG:seed ratio and number of leaves
(Table 4). The AG:BG biomass was the only morphological trait
that significantly varied both with temperature and nutrients,
with the highest ratio observed in the low temperature and
high nutrient treatment, and the lowest ratio with high
temperature and low nutrient treatment (Tables 2, 4). Also,
significant differences were found in the ratio between AG:seed
biomass and BG:seed biomass with highest ratios under the
high temperature treatments. This trait was also the only
morphological measurement that showed an interaction between
temperature and nutrient treatments.

Traits Treatments
Temp Low nutrient High nutrient
Leaf elongation rate (cm d=') 26°C 0.01 (£0.002) 0.02 (£0.001)
31°C  0.08 (+£0.003) 0.03 (+0.003)
SA growth rate (cm? d=) 26°C 0.11 (+0.01) 0.11 (+£0.01)
31°C 0.26 (+0.03) 0.31 (+£0.03)
Maximum quantum vyield 26°C 0.73 (£0.01) 0.70 (+0.03)
31°C 0.75 (+0.01) 0.67 (+£0.05)
rETRmax 26°C  16.11 (+£2.28) 156.43 (£2.28)
31°C 1454 (+0.77)  15.10 (+2.38)
Alpha 26°C 0.70 (+0.01) 0.66 (+£0.03)
31°C 0.72 (+£0.01) 0.66 (+£0.04)
Ek 26°C 8.83 (+£1.91) 8.54 (£3.06)
31°C 8.41 (+£1.23) 8.89 (+1.13)
Leaf C (%DW) 26°C  31.84 (+0.37) 30.96 (+0.32)
31°C  30.90 (+0.53) 30.62 (+£0.32)
Seed C (%DW) 26°C  35.00 (+0.21) 33.98 (+0.68)
31°C  33.11 (£1.16) 33.65 (+0.36)
Root C (%DW) 26°C  23.12 (+£1.74) 27.26 (+£0.56)
31°C  24.4 (£2.23) 23.62 (+2.81)
Leaf N (%DW) 26°C  2.29 (+0.02) 2.2 (+0.04)
31°C 2.26 (+0.05) 2.26 (+£0.07)
Seed N (%DW) 26°C  1.32(+0.11) 1.28 (+0.06)
31°C 1.03 (£0.07) 1.15 (£0.07)
Root N (%DW) 26°C 1.84 (£0.17) 2.08 (+0.2)
31°C 1.38 (£0.15) 1.16 (£0.12)
Leaf C:N ratio 26°C 13.9 (£0.18) 14.1 (£0.21)
31°C  13.71 (£0.15) 13.59 (+0.34)
Seed C:N ratio 26°C  27.35 (+2.14) 26.67 (+£1.22)
31°C  32.73(+1.898) 29.79 (£2.02)
Root C:N ratio 26°C  12.69 (£0.59)  13.55 (+1.14)
31°C  17.90 (£0.67)  20.24 (+1.46)
Leaf sucrose (sucrose eq g~' DW) 26°C 35.85 (+4.41) 45.39 (+£2.84)
31°C 4913 (+£2.77) 48.30 (£2.50)
Seed sucrose (sucrose eq g~ ' DW)  26°C  88.42 (£10.60) 69.09 (+£14.40)
31°C  33.46 (£5.47) 43.22 (£3.62)
Leaf starch (sucrose eq g~' DW) 26°C 7.23 (£1.63) 7.83 (£0.78)
31°C  11.93 (£1.91) 12.66 (+1.45)
Seed starch (sucrose eq g~' DW) 26°C 11.56 (£1.03) 15.95 (£2.70)
31°C  13.06 (£1.27) 9.63 (+£1.23)

Seedling Physiological and Biochemical Traits

Leaf elongation rate was significantly higher in the high nutrient
low temperature treatment (0.02cm d~!, Tables 3, 5). With
the exception of biomass traits, we found that initial seed size
did not matter in seedling physiological responses, growth and
photosynthetic parameters.

Photosynthetic parameters used to measure the relative
photosynthetic performance of the seedlings showed little
differences across treatments (Figure3, Tables3, 5). No
photoinhibition was observed under any of the treatments as
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TABLE 4 | Results of the permutational analysis of variance (PERMANOVA) of the effects of temperature and nutrient treatments on the morphological traits of Enhalus
acoroides seedlings included in Table 2, with the exception of number of roots.

Traits df SS R-squared Pseudo-F P-value

N° leaves seedling™' Temperature 1 0.164 17.202 18.028 0.001
Nutrient 1 0.004 0.467 0.490 0.510
Seed size 2 0.015 1.573 0.824 0.455
Temperature*Nutrient 1 0.002 0.187 0.196 0.695
Nutrient*Seed size 2 0.053 5.604 2.937 0.049
Temperature:ET:Aquarium 20 0.313 32.982 1.728 0.058
Residual variability 44 0.399 41.985

Max leaf length Temperature 1 33.970 47.845 68.991 0.001
Nutrient 1 1.393 1.962 2.829 0.109
Seed size 2 1.835 2.584 1.863 0.180
Temperature*Nutrient 1 0.700 0.986 1.421 0.249
Temperature:ET:Aquarium 20 10.453 14.723 1.062 0.444
Residual variability 46 22.649 31.900

Leaf width Temperature 1 6.527 9.194 6.300 0.015
Nutrient 1 0.299 0.422 0.289 0.594
Seed size 2 5.077 7.150 2.450 0.091
Temperature*Nutrient 1 0.076 0.107 0.073 0.777
Temperature:ET:Aquarium 20 11.359 15.998 0.548 0.929
Residual variability 46 47.662 67.129

Leaf SA Temperature 1 29.332 41.313 44.792 0.001
Nutrient 1 0.473 0.667 0.723 0.418
Seed size 2 2.699 3.802 2.061 0.140
Temperature*Nutrient 1 0.867 1.222 1.325 0.241
Temperature:ET:Aquarium 20 7.505 10.570 0.573 0.921
Residual variability 46 30.123 42.427

AG biomass Temperature 1 14.839 22.148 17.626 0.002
Nutrient 1 0.084 0.125 0.100 0.758
Seed size 2 4.904 7.319 2912 0.050
Temperature*Nutrient 1 1.076 1.605 1.278 0.272
Temperature:ET:Aquarium 19 9.896 14.770 0.619 0.899
Residual variability 43 36.202 54.032

Seed diameter Temperature 1 4.511 6.353 4,904 0.026
Nutrient 1 0.251 0.353 0.272 0.586
Seed size 2 4.827 6.798 2.624 0.085
Temperature*Nutrient 1 0.032 0.046 0.035 0.846
Temperature:ET:Aquarium 20 19.069 26.857 1.087 0.454
Residual variability 46 42.311 59.593

Seed height Temperature 1 0.416 0.586 0.487 0.490
Nutrient 1 0.055 0.077 0.064 0.805
Seed size 2 2.395 3.373 1.399 0.271
Temperature*Nutrient 1 0.897 1.264 1.049 0.310
Temperature:ET:Aquarium 20 27.876 39.263 1.629 0.072
Residual variability 46 39.360 55.437

Seed biomass Temperature 1 1.771 2.644 1.611 0.207
Nutrient 1 0.382 0.571 0.348 0.566
Seed size 2 6.238 9.310 2.837 0.075
Temperature*Nutrient 1 0.021 0.031 0.019 0.892
Temperature:ET:Aquarium 19 11.315 16.888 0.542 0.928
Residual variability 43 47.273 70.556

(Continued)
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TABLE 4 | Continued

Traits df SS R-squared Pseudo-F P-value

Max root length Temperature 1 29.864 42.663 45.703 0.001
Nutrient 1 0.111 0.159 0171 0.672
Seed size 2 3.155 4.508 2.414 0.115
Temperature*Nutrient 1 0.356 0.508 0.544 0.458
Temperature:ET:Aquarium 20 7.110 10.157 0.544 0.926
Residual variability 45 29.404 42.006

BG biomass Temperature 1 18.659 26.280 27.083 0.001
Nutrient 1 0.678 0.955 0.984 0.349
Seed size 2 7.049 3.929 5.116 0.011
Temperature*Nutrient 1 0.606 0.854 0.880 0.373
Temperature:ET:Aquarium 20 12.316 17.347 0.894 0.590
Residual variability 46 31.692 44.636

Ratio AG:BG Temperature 1 7.837 13.750 10.418 0.003
Nutrient 1 4.448 7.804 5.912 0.018
Seed size 2 0.789 1.383 0.524 0.628
Temperature*Nutrient 1 0.203 0.356 0.270 0.605
Temperature:ET:Aquarium 19 18.897 33.152 1.322 0.233
Residual variability 33 24.826 43.555

Ratio BG:Seed Temperature 1 20.217 30.174 31.709 0.001
Nutrient 1 0.861 1.286 1.351 0.246
Seed size 2 7.188 10.728 5.637 0.008
Temperature*Nutrient 1 1.277 1.906 2.003 0.147
Temperature:ET:Aquarium 19 10.041 14.987 0.829 0.665
Residual variability 43 27.416 40.919

AG:Seed ratio Temperature 1 20.678 30.863 31.457 0.001
Nutrient 1 0.107 0.160 0.163 0.678
Seed size 2 0.926 1.382 0.704 0.502
Temperature*Nutrient 1 2.973 4.437 4523 0.032
Temperature:ET:Aquarium 19 14.049 20.969 1.125 0.370
Residual variability 43 28.266 42.188

Total biomass Temperature 1 8.619 12.864 10.194 0.003
Nutrient 1 0.085 0.127 0.100 0.752
Seed size 2 8.243 12.303 4.875 0.014
Temperature*Nutrient 1 0.110 0.164 0.130 0.711
Nutrient*Seed size 2 6.267 9.353 3.706 0.040
Temperature:ET:Aquarium 19 9.011 13.449 0.561 0.905
Residual variability 41 34.666 51.740

P-values are in bold when significant differences were observed (<0.05) SA, Surface area; AG, above-ground tissues; BG, below-ground tissues.

shown by the RLCs (Figure 3). From the curve fit parameters,
only maximum quantum yield values were significantly higher
under high temperature treatments (Table 5).

The photosynthetic performance of the seedlings was affected
by the nested blocking variables, as reflected by the significant
effect they have on rETRmax, alpha and Ek. Due to the high
variability between enclosures, any effect of the temperature and
nutrient treatments may have been confounded, and therefore we
cannot draw any conclusion about the influence of these factors
on Enhalus seedlings.

Values of %C did not show any significant difference
within any of the seedlings parts, leaves, seeds or roots
(Tables 3, 5). In contrast, %N of the seeds and roots was
significantly lower in the high-temperature treatments, but did

not change in leaves. Therefore, C:N ratio of leaves showed
no significant differences, while C:N ratio in seeds and roots
were the highest under the high temperature and low nutrient
treatment (Table 3).

Concentrations of NSC in the leaves were significantly higher
in high temperature treatments (Table 5). Although both types
of NSC, sucrose and starch, showed significant differences in
the leaves among treatments (P < 0.05), concentrations of
sucrose in the seeds showed the opposite trends. The lowest
concentrations of sucrose in seeds were observed in the high
temperature treatments, while starch concentration in the seeds
was the lowest in the high temperature and high nutrient
treatment and the highest in the low temperature and high
nutrient treatment.
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FIGURE 2 | Allocation of above-ground (blades, AG), seed, and below-ground (roots, BG) biomass in the seedlings of Enhalus acoroides in the four different
temperature and nutrient treatments at the end of the experiment. Values are mean + SE (n = 6). Statistical results are shown in Table 4.
DISCUSSION Seedling Responses to Increased

Overall, we found that E. acoroides seedlings were highly
tolerant to an extended exposure to high temperature within
the reported tolerance limits for adult individuals of this
species with enhanced development of new tissue. There
were no signs of seedling mortality nor stress response
during the experiment under any of the treatments. This
indicated that the initial development of the seedling from
a seed of this species showed resilience under future average
temperature increases expected to occur under climate change
impacts. Additionally, increased temperature stimulated rapid
development and growth of both AG and BG tissues compared
to ambient temperature. In contrast, nutrient enrichment did not
increase growth performance of E. acoroides seedlings, suggesting
that they rely on internal nutrient and energy stores during
this stage. Multiple stressor experiments are now highlighted
as the necessary steps for predicting the consequences under
future scenarios, as interactions between stressors could be
synergistic, additive or antagonistic (Gunderson et al., 2016).
In our experiment, however, the effects on most traits showed
no strong interactions, indicating a lack of synergistic or
antagonistic effects under combined stressors. The combined
treatments, therefore, can be considered additive, in which
nutrient effects were generally lacking and did not add further
to the temperature effect.

Temperature

The increase in size and quantity of the majority of
morphological and physiological traits of the leaves and
roots under increasing temperature indicates that this abiotic
factor may be an important driver of seedling development
of tropical species at the seedling phase. This is in contrast to
previous studies on subtropical and temperate seagrass species
that showed negative effects on seedling performance under
increasing temperatures (Abe et al, 2009; Niu et al, 2012;
Guerrero-Meseguer et al., 2017; Pereda-Briones et al., 2019). The
seedlings of Zostera japonica, for example, survived up to 29°C,
but died at temperatures above 30°C in a temperature tolerance
study (Abe et al.,, 2009). In Zostera marina seedlings, growth was
inhibited at temperatures higher than 30°C, and photochemical
pigments were negatively affected at 25°C, a temperature that is 8
to 9°C higher than the optimum temperature for this species (Niu
et al,, 2012). The opposite effect of rising temperatures between
our study and other studies could be due to different reasons,
such as the inter-species differences to responses to temperature
changes. Unlike Z. marina, which is a temperate species, E.
acoroides is tropical, with a higher temperature range in its native
distribution. Meanwhile, positive effects of temperature have also
been observed during germination processes in some subtropical
seagrass species, such as Ruppia sinensis collected from northern
China (Gu et al., 2018). Such effects could also be positive in
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TABLE 5 | Results of the permutational analysis of variance (PERMANOVA) of the effects of temperature and nutrient treatments on the biochemical and physiological
traits of Enhalus acoroides seedlings included in Table 3, with the exception of starch concentration in seeds.

Traits df SS R-squared Pseudo-F P-value

Leaf elongation rate Temperature 1 27.285 38.429 51.351 0.001
Nutrient 1 2.942 4144 5.5637 0.024
Seed size 2 0.911 1.283 0.857 0.406
Temperature*Nutrient 1 0.827 1.164 1.556 0.214
Temperature:ET:Aquarium 19 14.594 20.555 1.373 0.178
Residual variability 43 24.441 34.425

SA growth rate Temperature 1 16.632 22.656 18.276 0.001
Nutrient 1 1.608 2.331 1.880 0.205
Seed size 2 0.749 1.085 0.438 0.647
Temperature*Nutrient 1 0.170 0.246 0.199 0.681
Temperature:ET:Aquarium 20 13.205 19.137 0.772 0.734
Residual variability 44 37.636 54.545

Max quantum yield Temperature 1 7.554 12.589 11.683 0.003
Nutrient 1 0.088 0.146 0.136 0.689
Seed size 2 1.104 1.840 0.854 0.434
Temperature*Nutrient 1 0.013 0.022 0.021 0.889
Temperature:ET:Aquarium 17 26.673 44.455 2.427 0.018
Residual variability 38 24.569 40.948

rETRmax Temperature 1 0.001 0.002 0.001 0.969
Nutrient 1 0.000 0.000 0.000 0.989
Seed size 2 1.377 2.295 0.639 0.546
Temperature*Nutrient 1 1.491 2.486 1.384 0.255
Temperature:ET:Aquarium 17 16.188 26.981 0.884 0.589
Residual variability 38 40.941 68.236

Alpha Temperature 1 1.739 2.898 2.605 0.136
Nutrient 1 1.071 1.786 1.605 0.210
Seed size 2 2.331 3.886 1.747 0.184
Temperature*Nutrient 1 0.029 0.048 0.044 0.832
Temperature:ET:Aquarium 17 29.466 49.110 2.597 0.012
Residual variability 38 25.363 42.272

Ek Temperature 1 0.004 0.007 0.005 0.966
Nutrient 1 0.015 0.025 0.020 0.890
Seed size 2 2173 3.621 1.393 0.237
Temperature*Nutrient 1 0.053 0.088 0.068 0.800
Temperature:ET:Aquarium 17 28.129 46.882 2.122 0.035
Residual variability 38 29.626 49.376

Leaf C Temperature 1 2.7266 11.855 3.971 0.059
Nutrient 1 2.2771 9.9 3.316 0.078
Temperature*Nutrient 1 0.6059 2.634 0.882 0.351
Temperature:ET 2 5.0314 21.876 3.664 0.050
Residual variability 18 12.3591 53.735

Seed C Temperature 1 1.8067 8.212 2.592 0.121
Nutrient 1 1.6922 7.692 2.427 0.132
Temperature*Nutrient 1 0.4675 2.125 0.671 0.425
Temperature:ET 2 6.1823 28.101 4.434 0.039
Residual variability 16 11.8513 53.869

Root C Temperature 1 0.2007 1.004 0.228 0.663
Nutrient 1 2.8388 14.194 3.217 0.080
Temperature*Nutrient 2 3.7103 18.552 4.205 0.058
Temperature:ET 2 0.0153 0.077 0.009 0.995
Residual variability 15 13.2349 66.174

(Continued)
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TABLE 5 | Continued

Traits df SS R-squared Pseudo-F P-value

Leaf N Temperature 1 0.1031 0.448 0.114 0.741
Nutrient 1 1.0645 4.628 1177 0.284
Temperature*Nutrient 1 1.2696 5.52 1.404 0.274
Temperature:ET 2 4.2825 18.62 2.368 0.121
Residual variability 18 16.2802 70.784

Seed N Temperature 1 6.3413 27.571 12.495 0.005
Nutrient 1 0.3072 1.335 0.605 0.459
Temperature*Nutrient 1 0.8496 3.694 1.674 0.205
Temperature:ET 2 6.3667 27.681 6.272 0.008
Residual variability 18 9.1353 39.719

Root N Temperature 1 11.4762 49.896 21.096 0.001
Nutrient 1 0.001 0.005 0.002 0.976
Temperature*Nutrient 1 1.25 5.435 2.298 0.118
Temperature:ET 2 0.4809 2.091 0.442 0.660
Residual variability 18 9.7918 42.573

Leaf C:N ratio Temperature 1 2.7546 11.976 2.624 0.124
Nutrient 1 0.0478 0.208 0.046 0.830
Temperature*Nutrient 1 0.5742 2.496 0.547 0.471
Temperature:ET 2 0.7293 3.171 0.347 0.690
Residual variability 18 18.8941 82.148

Seed C:N ratio Temperature 1 5.2276 22.729 8.125 0.009
Nutrient 1 0.9534 4.145 1.482 0.257
Temperature*Nutrient 1 0.3696 1.607 0.574 0.466
Temperature:ET 2 4.868 21.165 3.783 0.042
Residual variability 18 11.6814 50.354

Root C:N Ratio Temperature 1 14.4959 63.026 41.555 0.001
Nutrient 1 1.0544 4.584 3.023 0.098
Temperature*Nutrient 1 0.2246 0.977 0.644 0.415
Temperature:ET 2 0.9459 4113 1.356 0.296
Residual variability 18 6.2791 27.301

Leaf sucrose Temperature 1 9.59 20.404 11.396 0.004
Nutrient 1 1.423 3.028 1.691 0.210
Temperature*Nutrient 1 0.001 0.001 0.001 0.980
Temperature:ET 2 0.644 1.371 0.383 0.684
Residual variability 18 35.342 75.196

Seed sucrose Temperature 1 10.062 21.408 11.757 0.003
Nutrient 1 0 0 0.000 0.992
Temperature*Nutrient 1 0.022 0.047 0.026 0.876
Temperature:ET 2 0.972 2.068 0.568 0.581
Residual variability 18 35.944 76.477

Leaf starch Temperature 1 17.129 36.446 24.453 0.001
Nutrient 1 0.096 0.204 0.137 0.696
Temperature*Nutrient 1 0.157 0.334 0.224 0.630
Temperature:ET 2 0.197 0.419 0.140 0.864
Residual variability 18 29.421 62.598

P-values are in bold when significant differences were observed (<0.05).

recently germinated seeds, such as the ones used in our study.  of the species in question, higher physiological performance
On the other hand, selected target temperatures of the different  in terms of growth and photosynthesis are more probable. It
experimental studies could draw different conclusions. As long  is possible that seedlings in this study were still within their
as the temperature is not increased above the thermal tolerance  thermal niche, as adult E. acoroides plants grow naturally in
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seawater within a temperature range of 24 to 33°C (Agawin
et al., 2001). More specifically, average seawater temperature at
mid-day recorded in Barrang Lompo, Spermonde Archipelago
(E. acoroides fruit collecting site) during December to January
was 29.3 £ 0.3°C (Artika et al., 2019), and 31.5 £ 0.1°C during
April to May (Ambo-Rappe, 2014). Our study did not intend
to find the optimal temperature for growth of E. acoroides
seedlings, but rather to test the effect of increasing temperature
under different nutrient regimes. Further research is required to
determine the thermal niche and optimum thermal regime for
these seedlings, as well as temperatures in which thermal stress
is observed.

The combined enhancement of the various morphological
leaf trait responses, including the increase in number of leaves,
maximum leaf length, leaf SA and AG biomass, confirmed
the positive growth response of AG tissue of the seedlings
observed under increasing temperature, specifically the higher
leaf elongation rates under high temperature. Root trait responses
including the increase in number of roots per seedling, maximum
root length, and BG biomass, additionally supported the positive
growth response of BG tissue to increasing temperature. In
combination, we suggest that these morphological traits can be
used as indicators of either healthy or suboptimal E. acoroides
seedling development under climate related effects. Overall, the
strategy of seedlings also showed that under lower temperature
(which is suboptimal for the tropical species), more energy goes
for development of AG biomass first and less biomass allocation
to BG tissues (see Figure2). This was contrary to biomass
accumulation under high temperature treatments, where AG and
BG tissues were equally supported, suggesting that temperature
plays a role in determining energy resource allocation in tropical
seagrass seedling development. This finding is interesting in the
context of climate change, specifically with respect to possible
pole-wards migration. Many tropical species ranges are moving
to higher latitudes as average water temperatures rise. These
include animals and plants (Doney et al., 2011), and E. acoroides
could be expected to migrate in a similar manner to mangroves
(Osland et al., 2016). However, this energy budget allocation
pattern might be a limiting factor because root development
is key when establishing and maintaining a seagrass meadow.
Less BG development under temperatures at the lower range of
tolerance (even seasonally) could make otherwise suitable habitat
difficult to colonize, especially as hydrodynamic forces (e.g.,
wave action) tend to increase in the subtropics and temperate
regions compared to the tropical/equatorial region. The slow root
development under high nutrient levels could further impede
seedling establishment in cooler waters with natural or man-
made eutrophic conditions.

Additionally, seed size of the seedlings matters for
morphological responses; this has been widely observed in
terrestrial plants (e.g., Kennedy et al., 2004) and just in Posidonia
australis seagrass seedlings (Glasby et al., 2014). This could
be related with the positive relation found between starch and
nutrient contents and seedling size (Delefosse et al., 2016). In
our study, the decrease in %N and sucrose content of the seed
also indicates that growth and biomass allocation was supported
by internal nutrient and energy stores found in the seed. This

has been previously observed in temperate seagrass seedlings
under different stressors, such as CO; enrichment, invasive algae
or temperature (Hernan et al., 2016; Guerrero-Meseguer et al.,
2017; Pereda-Briones et al., 2019).

Seedling Response to Increased Nutrients
Our results show that nutrient affected the AG:BG ratio and
leaf elongation rate of E. acoroides seedlings only at the low
temperature treatment. This suggests that the initial development
of the seedling phase of E. acoroides does not depend much
on the availability of external nutrients, at least on these newly
germinated seedlings.

While it seems that seedlings of some opportunistic species,
namely C. nodosa or Amphibolis antarctica, take nutrients from
the water (Paling and McComb, 1994; Alexandre et al., 2018),
other studies show that seagrass seedlings in some other species,
including Posidonia oceanica, use internal resources on the early
stages of development (Balestri et al., 2009). Moreover, despite
this capacity for nutrient uptake, the responses in terms of growth
and enhanced morphological features are variable, even within
the same species (Zarranz et al., 2010; Pereda-Briones et al,
2018). Different factors including environment, availability of
phosphate and its balance with nitrogen, seedling’s age, or the
seed size have been discussed as the reason for the variability of
responses (Balestri et al., 2009; Delefosse et al., 2016; Alexandre
etal, 2018).

This last feature, seed size, is related with the absolute
quantity of nutrients in the seeds (Delefosse et al., 2016). In this
way, E. acoroides seedlings have common features with other
persistent species such as Posidonia sp., as seeds are bigger in
size compared to other fast-growing species (Orth et al., 2007).
Therefore, the ability of E. acoroides to produce big nutrient-rich
seeds, as also observed in other persistent species like P. oceanica,
may be a strategy to allow prolonged seedling development in
oligotrophic environments (Balestri et al.,, 2009). In this way,
studies with persistent seagrasses showed that seedling growth
was more dependent on seed nutrient reserves rather than the
external nutrient additions (Statton et al., 2014).

In this study, the eutrophic conditions in the high nutrient
treatment aquaria are confirmed by the enhanced microalgae
growth and the significant effect on some adult seagrass
biochemical traits, including higher leaf nitrogen, free amino
acid content or enhanced leaf SA (Viana et al., in prep). These
adult seagrasses, namely Thalassia hemprichii and Cymodocea
serrulata, have greater SA and potentially higher absolute uptake
rates than seedlings, therefore differences between them could
be expected. Moreover, the former rely mainly on external
nutrient concentrations for growth (Viana et al., 2019), contrary
to recently germinated seedlings which can use resources stored
in the seed (Balestri et al., 2009). Competition for nutrients
among microalgae, seagrass adults and seedlings, however,
cannot be discarded, but was not directly measured in this study.
Nevertheless, enhanced leaf elongation and AG:BG ratio, plus
evidence of former studies for persistent seagrasses and the seed
features of E. acoroides suggest that it is very likely that the
seedlings in this study rely primarily on nutrient reserves in
the seeds.
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The findings of this study are the first data available on
Enhalus seedling response to nutrients, and, as far as we know,
is the first study among tropical seagrass seedlings. With the
exception of a few studies on seedlings from temperate seagrasses
in which no positive effects on physiology, growth, survival or
photosynthetic potential were observed with nutrients (Glasby
et al.,, 2014; Alexandre et al., 2018), most studies on nutrient-
enrichment effects have been done on adult stages of seagrasses
with mixed results. For example, while nutrient enrichment
often has an effect on seagrass tissue nutrient content (e.g.,
Ontoria et al.,, 2019; Viana et al., in prep), it does not always
have a significant effect on leaf length, leaf width and seagrass
production, as has been shown in Thalassia testudinum (Heck
et al., 2000). Z. marina, on the other hand, has been found to
survive and stay healthy under high nutrient enrichment for
2 weeks, as under natural conditions this species is acclimated
and often exposed to high nutrient concentrations (Kaldy,
2014). Other studies that have reviewed seagrass responses to
nutrients show that a number of environmental factors, such as
sedimentary characteristics or water velocity, and intraspecific
characteristics, such as seagrass leaf SA, influence nutrient
limitation in seagrasses (Short, 1987; Lee et al., 2007).

Our results are in line with previous studies which did not
observe interactive effects of both factors on adult temperate
seagrass plants (Touchette and Burkholder, 2002; Kaldy, 2014;
Moreno-Marin et al., 2018; Mvungi and Pillay, 2019; Ontoria
etal,, 2019) and tropical seagrass plants (Viana et al., in prep). In
these studies, the combination of effects of nutrient enrichment
of the water column and increasing temperature did not show
clear effects on seagrass plants. In contrast, other previous studies

showed that morphological traits, such as leaf length, growth
or number of leaves per shoot, were the most variable traits
under the influence of both factors (Bintz et al., 2003; Mvungi
and Pillay, 2019). Interactive effects on the response in the %N
of the leaves were only observed in Z. marina (Moreno-Marin
et al., 2018). Otherwise, interactive effects were observed when
temperature was combined with other nutrient sources such as
labile organic C in the sediment in C. nodosa (Ontoria et al.,
2019). Therefore, there is still a limited interaction between
temperature and nutrient enrichment.

Although nutrient effects may be considered as positive on
seagrass individual traits, many studies of nutrient enrichment on
seagrasses address the negative indirect effects of eutrophication.
This is supported by the fact that enrichment of nutrients can
cause algae blooms which will reduce light and contribute to
the decline of seagrass (McGlathery, 2001). In our experiment,
nutrient treatments led to higher chlorophyll concentrations
in the water. However, no significant negative effects of the
eutrophication in our tanks were found on seedling morphology
and physiology, indicating that light was not limiting seedling
growth. This is furthermore supported by the lack of an effect
on the photosynthetic performance across treatments, as shown
by the fluorescence data (see Table 3). This implies that initial
seedling development is not light or nutrient limited. Actually,
while rETRmax values for adult E. acoroides individuals fall
within 45-200 pwmol e~ m~2 s~! (Jiang et al., 2014; Moreira-
Saporiti et al., in prep) values in our study are 3- to 8-fold lower
(Figure 3). This suggests that photosynthesis in E. acoroides
seedlings might develop later, as observed in experiments with
C. nodosa (Alexandre et al., 2018).
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Ecological Implications

In addition to being a critical stage (Ambo-Rappe and Yasir,
2015) for further seagrass development, the seedling stage
response to climate change and nutrient enrichment has been
little studied compared to adult seagrasses (Touchette and
Burkholder, 2002; Kaldy, 2014; Moreno-Marin et al., 2018;
Mvungi and Pillay, 2019; Ontoria et al., 2019). Overall, as far
as we know, even less data is available on seagrass seedling
responses in tropical species. This is the first study to suggest
that the seedling stage of a tropical seagrass may be tolerant
to and even positively affected by an extended exposure to
the current ambient maximum temperature. This implies that
extended exposure to warmer temperatures such as those close
to the maximum as that expected under climate change, will not
affect seedling survival. To further test temperature tolerance of
tropical seagrass seedlings, however, we would need to carry out
experiments under a higher range of temperatures (above 32°C).
Additionally, we showed that increased nutrient inputs may play
aless important role in seedling growth response during its initial
growth phase, due to internal nutrient reserves in the seed. As
nutrient enrichment has direct and indirect effects, the seedling
performance under more persistent eutrophication processes,
during which organic matter concentration increases in the
sediment or light deprivation happens, should be addressed. We
should also consider further studies on the effect of increasing
temperature and nutrients on reproductive outputs of the adult
plants, including number of fruits, number of seed per fruit, and
the size on the fruit and the seed, as well as energy reserves
of the seed. All these factors combined will influence long-
term seagrass resilience to climate related and local stressors, as
well as restoration programs based on seedling establishment.
This experiment provides interesting results but there are still a
large number of gaps and the need to continue researching how
factors related to global change affects the success in seedlings
of seagrass. This information would help in future management
plans and recovery.

Moreover, this is the first step in studying the combined
impact of temperature and nutrients on seagrass seedlings. In
the natural environment, biotic and abiotic interactions with the
other elements in the ecosystem might also change (Brodeur
et al., 2015; Hernan et al., 2017; Pereda-Briones et al., 2019)
and, therefore, need to be considered in combination with
these stressors. Variations in seedling traits due to temperature
and nutrients might have an influence in their functions, and
therefore in a number of seagrass ecosystem services, as has been
observed to happen with other stressors (Herndn et al., 2016,
2017). Additionally, climate change not only will bring higher
average temperatures but also more frequent and adverse events,
such as heat waves, that might affect seagrass seedlings differently
than smaller increments of higher constant temperature exposure
(Guerrero-Meseguer et al., 2017).

Enhanced growth under sub-lethal temperatures at the
seedling phase could improve the resilience capacity of E.
acoroides under natural heat stress processes or in restoration
attempts. Higher temperatures will enhance a faster AG and BG

development providing further root development. This is critical
for stabilization into sediment, and the survival of the whole
plant in the following life stages. This step, when the anchoring
capacity of the seedling happens, is the bottleneck to seagrass
further development (Ambo-Rappe and Yasir, 2015). The ability
of seeds to germinate and remain attached to ever-changing
sediments within the marine environment is a critical factor in
the establishment of new populations and the ongoing survival
of pre-existing genetically diverse populations.

Combining morphological, biochemical, physiological, and
life history traits allowed us to better understand the effects of
environmental stressors on ecological functioning and survival
of seedlings, and the influence on future seagrass community
dynamics. Further study of seedling and adult plant traits of
other tropical seagrass species is important to filling gaps of
knowledge of tropical seagrass ecology and future consequences
of environmental change on this critical ecosystem.
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