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Introduction: The carbon isotope ratios (§*°C) of essential amino acids (EAAs),
including valine, leucine, isoleucine, threonine, and phenylalanine, in producers
are crucial for explaining food-web structures in marine ecosystems. However,
few studies have tested the variability of 8'*C-EAA values in marine macrophytes,
such as seagrass and macroalgae, under changing environmental conditions.

Methods: In this study, we examined the responses of §°C-EAA values in
macrophytes to environmental changes and explored their usefulness in
characterizing macrophyte groups and local environments. We tested seagrass
and macroalgae collected at different spatial and temporal scales in the field, as
well as lab-cultured Ulva algae at various temperature gradients (12°C, 20°C, and
27.5°C) with additional nitrogen sources.

Results: We found that *C-EAA values in macroalgae were significantly altered
by seasonality and the interactive effects of temperature and nitrogen addition in
comparison with mean-centered §-°C-EAA values (normalized §**C-EAA values
relative to the mean of the overall EAAs). The §"*C-EAA values detected in
macroalgae within a local environment correlated with those of a co-
occurring grazer, Caprella. Based on mean-centered 8'°C-EAA values,
macrophyte groups were distinguishable from other group (i.e., the bacteria
group) even under diverse environmental conditions. Moreover, the seagrass
group did not overlap with the green and the brown macroalgal group, but
overlapped considerably with the red macroalgal group.

Discussion: These results suggest that the macrophyte-specific mean-centered
3"C-EAA values may be fairly consistent across broad spatial and temporal
scales. Despite significant variation in S°C-EAA values, the consistency in mean-
centered §°C-EAA values among specific macrophyte groups provides valuable
insight into the characteristics of local trophic bases in regions under pressure
from dramatic environmental changes.
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1 Introduction

Marine macrophytes such as macroalgae (D’archino and Piazzi,
2021) and seagrass (Stockbridge et al., 2020) provide habitat for
other marine organisms. They also play crucial roles in regulating
nutrient cycles, particularly those involving carbon and nitrogen,
within marine environments. Macrophyte populations often need
to adapt to various environmental stressors, such as land-use
alterations, climate change, and eutrophication. These stressors
disrupt the fundamental physiological processes of native
macrophytes, affecting benthic communities and facilitating the
proliferation of opportunistic and fast-growing species. Such
changes can induce cascading effects on benthic food webs and
species interactions (Lovelock et al, 2020; Carrier-Belleau et al.,
2021; Velazquez-Ochoa et al., 2022). Due to their ecological
importance and susceptibility to environmental change,
researchers have monitored the physiological responses of these
macrophytes for understanding the dynamics of marine ecosystems
(D’archino and Piazzi, 2021; Liénart et al., 2022).

Stable isotope ratios within producers are signals of
biochemical and ecological responses to environmental
conditions (Deniro and Epstein, 1978; Dawson et al., 2002).
Carbon isotope ratios (*¢/™2C or 83C) in producers vary
according to factors such as photosynthesis activity, carbon
source availability (CO, and HCO3'), pH, temperature, light, and
availability of inorganic N and P (Cohen and Fong, 2006; Park et al.,
2016; Kang et al., 2021; Velazquez-Ochoa et al., 2022). Due to their
sensitivity to spatial and temporal environmental fluctuations, the
isotopic composition of bulk tissues in producers is commonly
utilized as isotopic baselines that reflect local environments.
However, these isotope values are also influenced by additional
factors, such as taxonomy distinctions, reproductive or growth
stages, tissue types, and morphological characteristics of
macrophytes (Kim et al,, 2014; Stephens and Hepburn, 2014;
Park et al., 2016; Velazquez-Ochoa et al., 2022). Previous studies
have reported significant shifts of between 3% and 5%o in bulk
isotope values of macrophytes in situ, encompassing seagrasses
(e.g., Kim et al,, 2014; Park et al., 2016) and macroalgae (Stephens
and Hepburn, 2014; Drobnitch et al., 2018; Zuiiga-Rios et al., 2021;
Lienart et al.,, 2022), over times and in natural field conditions.
Nevertheless, bulk isotope analyses can introduce uncertainty due
to the substantial influence of both environmental disturbances and
the physiological status of producers (e.g., Mancinelli and Vizzini,
2015; Casella et al., 2022). Consequently, although bulk isotope
ratios can provide insights into physiological changes in
macrophytes within changing environments, their application to
understanding impacts on ecosystems has been limited.

Carbon stable isotope values of individual compounds, such as
free and protein-bound amino acids (AAs) in producers, can be
powerful tools for assessing physiological, biochemical, and
ecological processes. Several proteinogenic AAs, including valine
(Val), leucine (Leu), isoleucine (Ile), threonine (Thr), phenylalanine
(Phe), and lysine (Lys), are synthesized only by autotrophs, not by
consumers. Consumers cannot survive without these AAs, which
are assimilated directly from the diet and are commonly called
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essential amino acids (EAAs). Consumer 8">C-EAA values do not
differ significantly from the dietary EAAs of producers or prey (e.g.,
McMabhon et al., 2011; reviewed in Whiteman et al., 2019; Yun et al.,
2022), indicating (in)direct trophic relationships. Large differences
in 8> C-EAA values have been used to describe the biomes of basal
organism groups (e.g., primary producers and microorganisms) in
diverse ecosystems, including terrestrial (e.g., Larsen et al., 2009;
Pollierer et al., 2019), freshwater (e.g., Liew et al., 2019), sea-ice (e.g.
Vane et al., 2023b), marine, and coupled environments (e.g. Larsen
et al,, 2013; McMahon et al., 2016; Takizawa et al., 2020; Eglite
et al., 2023).

The 8" C-EAA values of producers, such as phytoplankton
(Larsen et al, 2015; Stahl et al., 2023), vary according to
environmental factors, such as the 8'°C values of dissolved
inorganic carbon, pH, salinity, temperature, light, and specific
biosynthetic pathways during the synthesis and metabolism of
EAAs. Adjusting the 8'’C-EAA values to the mean of multiple
8"°C-EAA values (expressed as mean-centered 8">C-EAA values in
this study) or bulk 8'°C values can help remove the baseline effects
associated with local environments. Mean-centered §'°C-EAA
values can vary among phylogenetically distinctive autotroph
groups that presumably have their own specific biosynthetic
pathways de novo (Larsen et al., 2009; Lynch et al., 2016; Besser
et al., 2022). The unique signatures of mean-centered §'>C-EAA
values can be used to discriminate among the basal organisms (Scott
et al.,, 2006; Larsen et al., 2009, 2013; Besser et al., 2022). The mean-
centered §'°C-EAA values have been frequently used to classify
basal organisms such as plants, aquatic algae, fungi, and bacteria.
However, fewer studies have systematically tested in marine
primary producers whether mean-centered 8'°C-EAA values
remain consistent over broad temporal and spatial scales, such as
yearly, seasonal, and environmental variations, in marine producers
(Larsen et al,, 2015 for microalgae; Elliott Smith et al., 2022
for macroalgae).

Previous studies have shown that mean-centered §'°C-EAA
values can be used to effectively differentiate among macroalgal
groups, including Phaeophyta (kelp), Rhodophyta and
Chlorophyta/particulate organic matter (Larsen et al., 2013; Elliott
Smith et al., 2021, 2022). Mean-centered 8'3C-EAA values can also
distinguish macroalgae from other macrophytes such as seagrass
(Larsen et al., 2013). Elliott Smith et al. (2022) further expand upon
this feature by demonstrating the utility of mean-centered 8'°C-
EAA values across varying geographic and temporal scales, using
both historical and modern samples. However, whether mean-
centered §'’C-EAA values reliably classify diverse macrophyte
groups under ongoing environmental changes remains unclear, as
these changes can affect the variability of 8'>C-EAA values. The aim
of this study was to deepen our understanding of the variation of
8"’C-EAA values in macrophytes across different environmental
conditions. We measured the variation of §'>C-EAA and mean-
centered 3'°C-EAA values in diverse macrophytes, ranging from
members of Phaeophyta, Rhodophyta and Chlorophyta to seagrass,
collected from the field at different sites and/or times, as well as in
laboratory cultures (in particular, the macroalga Ulva), under
different temperature gradients and nitrogen sources. We also
assessed whether macroalgal 8'*C-EAA values can indicate local
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environmental characteristics and trophic links with co-occurring
grazers. Finally, we examined if mean-centered 8'3C-EAA values
can be used to distinguish among macrophyte groups amid
environmental changes.

2 Material and methods
2.1 Sample collection in fields

Macrophyte samples were collected from three sites in two
regions (Jeju Island and Busan) in South Korea (Figure 1). In the
rocky subtidal site of Munseom Island (33° 13.583" N, 126° 33.950’
E) south of Jeju Island, samples of a representative kelp, Ecklonia
cava, were collected by scuba divers in four seasons (April, August,
and November of 2014, and February of 2015). Munseom Island
has been managed as a marine protected area and serves as a
representative site for monitoring the effects of climate change at
the ecosystem scale in Korea. By applying a hole-punch marking
method to the blades of Ecklonia individuals (Yokohama et al.,
1987; Bearham et al., 2013), newly grown blades were used for AA
analysis. In Hamdeok, northern Jeju Island (33° 32.897" N, 126°
39.336' E), samples of free-floating Ulva species were handpicked in
December of 2020 and February and December of 2021. Ulva ohnoi
was the prevalent species at this site, where a large semi-enclosed
tide pool with eutrophication attributable to high nitrate levels is
present year-round. Ulva was originally a subtropical genus, but it
has recently been introduced to temperate regions (Kang et al,
2019). Finally, three brown algae (Sargassum horneri, S. muticum,
and S. thunbergii), four red algae (Polyopes affinis, Grateloupia
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cornea, Gelidium amansii, and Chondria crassicaulis), and one
green alga (Ulva australis) were collected from the lower
intertidal zone to the upper subtidal rocky shore in Busan (35°
02.673" N, 128° 51.025" E) in April 2020. Along with macroalgal
sampling, seagrasses (Zostera marina and Z. japonicus) were also
obtained from the subtidal and intertidal zones of the soft-bottom
habitat in December 2018. Co-occurring consumers in the intertidal
macroalgal assemblage were also sampled, including meso-sized
caprellid amphipods (Caprella sp.), which are grazers and detritus
feeders. All macrophyte samples were cleaned by removing
epiphytes and epibenthos following visual examination and rinsed
with distilled water. The samples were then freeze-dried, ground to
a fine powder, and stored at —20°C until analysis.

2.2 Ulva culture: interactive temperature
and additional N source treatment

We investigated the combined effects of temperature and added
nitrogen (N) on the stable isotope ratios of the Ulva tissues. Before
the experiment, the specimens were cleaned and pre-cultured for 5
days in filtered seawater at 12°C and exposed to 100 pmol photons
m™ s under a photoperiod of 12 h light and 12 h dark. After
acclimation, 1 g (fresh weight) of healthy samples was cultivated in
500-mL conical flasks. The samples were exposed to three different
temperatures (12, 20, and 27.5°C) and two different nutrient levels
(control: ambient seawater only, and added N: a mix of 100 uM
NO;™ and 100 pM NH,") for 2 weeks. Three replicate test flasks
were used for each treatment, for a total of 18 flasks. The culture
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FIGURE 1

Sample collection sites in Busan and Jeju Island from the Republic of Korea.
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media were replaced daily during. All other conditions were the
same as mentioned above for the pre-culture.

2.3 Sample preparation for analyzing
§'*C-EAA values

Reagent-grade standard AAs, including Val, Leu, Ile, Phe
(Shoko Science Co., Ltd., Yokohama, Japan), Thr, Lys, alanine,
glycine, serine, aspartic acid, proline, and glutamic acid (Sigma-
Aldrich, St. Louis, MO, USA) were purchased and prepared at a
concentration of 50 mM in 0.1 M HCI to create a standard AA
mixture. Norleucine (Shoko Science, Japan) was also added as an
internal standard. Reagent-grade acetyl chloride (Thermo Fisher
Scientific, Lancashire, UK), acetic anhydride, and trimethylamine
(Sigma-Aldrich, St. Louis, USA) were used in this study. Analytical-
grade acetone, chloroform, hexane, and ethyl acetate were
purchased from Merck KGaA (Darmstadt, Germany) and 12.1 M
HCI (Junsei Chemical Co. Ltd., Tokyo, Japan).

To produce AAs suitable for gas chromatography (GC) analysis,
we followed a protocol described by Corr et al. (2007) with slight
modifications. In brief, approximately 10 mg of macrophyte
samples were hydrolyzed with 1 mL of 6 N HCI at 110°C for 20 h
to obtain an AA hydrolysate. The AA layer was separated from the
lipophilic fractions by adding 2 mL of hexane-DCM (6:5, v/v). The
AA hydrolysate layer was transferred, dried, and stored at —20°C.
Next, the AA hydrolysate was methylated with 0.63 mL of acidified
methanol solution (acetyl chloride: anhydrous methanol, 1:6 by
volume) at 75°C for 1 h, and the reagents were dried under a N,
flow. Subsequently, the AA methyl esters were mixed with 0.75 mL
of the acetylation mixture (acetic anhydride: trimethylamine:
acetone, 1:5:9 by volume) at 60°C for 10 min, and the reagents
were evaporated. The AA derivatives were purified by adding ethyl
acetate and a saturated NaCl solution, and the top layer was
transferred to a new vial. Finally, the ethyl acetate layer was
concentrated to 300 uL under a gentle N, stream.

2.4 Gas chromatography—isotope mass
spectrometry analysis

The §"°C-EAA values were measured by gas chromatography-
combustion-isotope ratio mass spectrometry at the Hanyang
University Isotope Ecology and Environmental Science
Laboratory (Ansan, Korea). This analytical platform consists of a
gas chromatograph (Hewlett Packard 7890 N series, Agilent
Technologies, Santa Clara, CA) with a GC5 combustion interface
(Elementar, Germany) connected to an Isoprime isotope ratio mass
spectrometer (Elementar, Germany). The AA derivatives were
injected in splitless mode at 250°C and separated on a VF-35
capillary column (Agilent Technologies, Santa Clara, CA USA;
30 m x 0.32 mm internal diameter, 1-ym film thickness) at a
constant flow rate of 1.2 mL/min following a set temperature
program: 75°C for min), 135°C at 20°C min’}, 160°C at 5°C min™
for 3 min, and 300°C at 8°C min ™' for 10 min. The separated AAs
were completely oxidized to CO, gas and introduced into the
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isotope ratio mass spectrometer. The samples were run in
duplicate with the standard AA mixture.

The analytical precision of the standard AA mixture was <
0.5%o of the averaged standard deviation (SD), ranging from 0.4%o
(for Phe) to 1.1%o (for Ile). The 8"C values of each AA for every
sample were corrected using a §'’C-certified AA standard to
account for the non-analyte carbons from the derivative reagent
incorporated into compounds of interest during derivatization
(Corr et al., 2007).

We focused on analyzing the 8'3C-EAA values for Val, Ile, Leu,
Thr, Phe, and Lys (Supplementary Figure 1). If the §'°C data were
not reliable (e.g., > 5%o difference within treatment of Ulva culture,
Lys), the data were not used for subsequent analyses. Mean-
centered 8'>C-EAA values (the 8'°C differences between
individual EAA and the mean of EAA variables) were also recorded.

2.5 Statistical analysis

The normality was tested in Q-Q plots, and the homogeneity of
all data was checked using Levene’s test. If the assumptions were
met, significant differences in 8'3C-EAA and mean-centered 8'>C-
EAA values for the Ecklonia and Ulva macroalgae collected
at different sampling times were tested using one-way analysis
of variance (ANOVA), and differences in the seagrass Zostera
from the two habitats (intertidal and subtidal) were tested with a
t-test (p-value < 0.05). When the assumptions were not met for
ANOVA, Welch’s ANOVA was performed as the equivalent of
normal ANOVA. The effects of the temperature increase (three
levels: 12, 20, and 27.5°C) and added N (two levels: added N and a
control) on 8"*C-EAA and mean-centered §'>C-EAA values were
examined using two-way ANOV As. If significant interaction effects
were observed in the two-way ANOVAs, we performed separate
one-way ANOVAs for the control and added N treatments as an
alternative to post hoc tests. These were performed after applying a
sequential Bonferroni adjustment to compensate for inflated
significance levels due to the multiple comparisons made during
analysis (Lee and Lee, 2018). Accordingly, a more conservative p-
value of 0.05/k (i.e, k = 3, where k refers to the levels of the
temperature gradient in this analysis, Rice, 1989) was chosen rather
than 0.05. The significant differences between 3'>C-EAA and mean-
centered 3'>C-EAA values among macroalgae and seagrasses with
the meso-grazer Caprella were tested using one-way ANOVA.
Principal component analysis (PCA) was also performed to assess
the applicability of the 8'>C-EAA values to characterization of local
environments for macrophytes and co-occurring grazers. All
statistical procedures were performed using JMP Pro v17.0 and
Past4.03. Linear discriminant analysis (LDA) with 8'*C-EAA and
mean-centered 8'°C-EAA values, respectively, were used to find a
best separation among macrophytes groups (red, green and brown
macrolage and seagrass). The LDA model with the isotope data set
of macrophytes groups was used to predict source groups for
consumer Caprella individuals.

Using mean-centered 8"3C-EAA values, a LDA classification
model was used to calculate the probability of group membership
for the samples classified based on macrophytes obtained from this
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study and the published data (Larsen et al., 2009, 2013; Elliott Smith
et al, 2021). Standard ellipse areas were plotted for the bivariate
means of the groups in the LDA plot, with each ellipse enclosing
approximately 50% of the data. To estimate the overlapping degree
of pairing ellipses on the LDA transformed data (Vane et al., 2023a),
areas of overlapping and pairing ellipses were calculated based on
their posterior distribution using R statistical software version 4.3.1
(R Core Team, 2023) and the SIBER package (Jackson et al., 2011;
Jackson, 2023). Given two distributions of an A group and a B
group, we calculated the Bhattacharya coefficients (BCs,
Bhattacharyya, 1946) as follows:

BCs = Areaoverlap «
AreagruupA
If the BC was close to 1, the distribution of Group A and Group
B were similar, while if the BC was close to 0, the distribution of two

Areaoverlap

Ar eagruupB

groups were dissimilar.

3 Results

3.1 Environmental variation on
51C-EAA values

3.1.1 Field-collected macrophytes

The average 8'°C-EAA values in seagrass Zostera from the
intertidal zone ranged from —7.9%o to —23.2%o, and in the subtidal
zone, they ranged from -7.2%o to —21.0%o (Figure 2A, Table 1).
Neither 8'*C-EAA nor mean-centered 8'°C-EAA values differed
significantly between the two sites. This indicates that the site had
little effect on 8'>C-EAA and mean-centered §"’C-EAA values

10.3389/fmars.2024.1368801

(Figure 2A). For the perennial macroalga, the average §'°C-EAA
value of Ecklonia collected in spring ranged from —4.1%o (Thr) to
—32.3%0 (Leu), and a similar isotopic range was also observed for
other sampling times (Figure 2B, Table 1). At the level of individual
EAAs in Ecklonia, the 8'°C values of Leu and Ile in Ecklonia were,
on average, 3.1%o and 8.0%o higher in summer than in winter
(Figure 2B, Table 1, p < 0.01), although there was little significant
effect of seasonal variation on the 8'°C values of Val, Thr, Phe and
Lys. The mean-centered 8'2C-EAA values of Leu, Ile, Thr, and Lys
in Ecklonia did differ, by an average 1.9%o (Leu) and 6.5%o (Ile)
among the seasons (Table 1). For the other macroalga, Ulva, an
ephemeral genus, there were no significant effects of temporal
variations (Figure 2C), although only Val was slightly low in
February 2021 compared with other sampling times (p = 0.05).
Most mean-centered 8'>C-EAA values in Ulva did not differ
significantly among the seasons, and only Val was isotopically
low in February 2021. This difference suggests that mean-centered
8'°C-EAA values for Ecklonia and Ulva allowed for a slight
reduction in the magnitude of variation at temporal scales.

3.1.2 Lab-cultured Ulva

There were significant interaction effects of temperature
gradients and added N on most AAs, particularly for Val, Ile,
Thr, and Phe, and on mean-centered 8'>C-EAA values of Leu in
Ulva (Supplementary Table 1, Figure 3). In fact, most AAs in
Ulva incubated in seawater (controls) did not differ significantly
among the temperature gradients, but the §'°C values of Leu and
Ile at 12°C were lower by approximately > 2.9%o than the one at
27.5°C (Figure 3A). The temperature-induced effect was stronger
in Ulva under added N. That is, the EAAs of Ulva under added N
had a low 8"°C value at 12°C and a high §"°C value at 27.5°C
(Peorrected < 0.017, Figure 3B), and the variability was

(a) Seagrass Zostera marina

(b) Macroalga Ecklonia cava
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Temporal and spatial variation in essential amino acid (EAA) carbon stable isotope (§*C) values for macrophytes collected in the field: (A) brown
macroalga Ecklonia cava, (B) green macroalga Ulva ohnoi, and (C) seagrass Zostera marina. The §-*C-EAA values and mean-centered 3*C-EAA
values (§"°C difference between individual EAA and the average of overall EAAs) are shown and represented by the mean + SD (N = 3). Significant

differences are marked by an asterisk above the bars.
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TABLE 1 Carbon stable isotope values of essential amino acids (3**C-EAA values) such as valine (Val), leucine (Leu), isoleucine (lle), threonine (Thr),
phenylalanine (Phe), and lysine (Lys) from macrophytes collected in the field in Korea.

Seagrass Zostera marina Brown macroalga Ecklonia cava Green macroalga Ulva ohnoi

Intertidal Subtidal Apr.2014 Aug.2014 Nov.2014 Feb.2015 Dec.2020 Feb.2021 Dec.2021

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

51°C-EAA value

Val -23.2 1.8 -21.0 0.5 -20.3 1.1 -20.1 09  -203 0.5 -22.1 09 -17.0 09 =215 05  -17.5 1.1
Leu -17.4 1.7 -16.6 1.2 -323 0.5 -30.4 1.1 -30.5 0.8 -33.5 05 -26.0 0.6  -281 0.8  -203 0.6
Ile -10.9 1.1 -11.6 06 -21.3 16 -169 08  -18.0 17 = -248 1.7 = -149 1.2 -19.7 1.8 -16.9 1.8
Thr =7.9 0.8 =7.2 0.6 —4.1 14 =5.9 0.6 —6.8 1.8 -3.7 1.4 -7.8 1.9 -8.8 1.0 -1.9 0.7
Phe -14.4 0.8 -13.5 06  -225 0.1 -22.3 04 224 09 =227 14 -17.6 0.7 =215 02 -16.5 0.7
Lys -10.5 0.5 -9.3 0.5 -16.0 24 =202 08 -17.9 0.5 -17.9 1.7 -4.9 0.7 -5.6 0.9 -4.3 2.1

Mean-centered 5°C-EAA value

Val -9.2 1.1 -7.8 0.6 -0.9 0.9 -0.8 0.6 -0.9 0.5 -1.3 0.6 -1.8 0.2 -39 0.2 -4.6 0.3
Leu -34 1.1 -34 09 -129 04  -I1.1 0.7  -11.0 0.5 -12.7 04  -11.0 00 -10.5 0.2 -7.3 0.7
Ile 32 15 1.6 0.3 -1.9 15 2.5 0.6 2.0 1.0 -4.0 1.9 0.1 1.1 =22 1.3 -4.0 1.2
Thr 6.2 0.8 6.0 0.6 153 13 134 0.3 11.7 2.1 17.0 0.6 5.7 0.3 8.7 0.4 11.0 1.3
Phe -0.4 0.9 -0.3 0.4 -3.1 0.2 -3.0 0.8 -3.0 0.9 -19 0.6 =27 0.4 -4.0 0.8 -3.6 0.4
Lys 3.6 0.3 3.9 0.7 3.4 2.5 -0.9 1.0 1.3 0.2 2.9 0.8 9.8 1.1 11.9 1.0 8.6 1.2

A mean-centered 8'°C-EAA value is the individual §'>*C-EAA value, normalized to the mean of overall 8'>*C-EAA values. Seagrass was collected at two sites, the subtidal and the intertidal zone at
the same date, and macroalgae Ecklonia and Ulva were sampled from the same location (as shown in Figure 1) at different dates. The data are represented by the mean and SD (n = 3).
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FIGURE 3
Comparing essential amino acid (EAA) §°C variability under diverse temperature gradients of 12, 20, and 27.5°C in Ulva cultured in (A) ambient
seawater only and (B) those with additional sources of N (nitrate and ammonia). The 8**C-EAA values and the mean-centered §°C-EAA values are
shown and represented by the mean + SD (N = 3). Significant differences among the temperature gradients are marked by an asterisk above
the bars.
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approximately 7.7%o throughout the overall AAs. However, no
temperature-induced effect was observed in mean-centered
8'>C-EAA values; Val, Thr, and Phe were not significantly
affected by temperature increases, although Leu and Ile was
higher at 12°C compared with 27.5°C (Figure 3B).

3.2 Application of §"*C-EAA values in food
web analysis

The §">C-EAA values of seven common macrophytes collected
in Busan are shown in Supplementary Table 2. The 8"°C-EAA
values ranged from —30.8%o to —1.2%o for red macroalgae, from
—27.3%0 to —3.2%o for brown macroalgae, and from —23.8%o to
—4.7%o for green one, which were overlapped from -22.4%o to
2.5%o for seagrass (Figure 4A). The 8"3C values for Val, Leu, Ile,
Thr, Phe and Lys were low in red macroalgae (e.g., Gelidium), but
high in green macroalga and seagrass. However, such differences
among macrophytes were less detected in mean-centered 8'*C-EAA
values (Figure 4B).

The §"°C-EAA values of the consumer Caprella differed
significantly from those of the seagrass groups (with an average
difference of > 5.45%o, Figure 4A), and they were relatively similar
to those of the macroalgal groups. The difference in 8'°C-EAA
values between Caprella and seagrass was observed for Phe only in
the context of mean-centered 8'>C-EAA values (Figure 4B).

A LDA plot with §"*C-EAA values of four macrophyte groups
from Busan showed that red, brown, and green macroalgal groups
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and seagrass group were classified with 90.0% probability within
their own groups (Wilkis’ A = 0.05, F = 6.27, p < 0.001, Figure 4C).
This supports that §'?°C-EAA values can be used to distinguish
among macrophytes. Moreover, the LDA model among four
macrophyte groups predicted that overall Caprella individuals
were closely located to macroalgal groups (mostly brown
macroalgae), but not to seagrass groups (Figure 4C,
Supplementary Table 3). A PCA with the §'>C-EAA values also
showed that Caprella was clustered with the co-sampled macroalgae
from a local environment (Busan) and separated from the other
environments, such as the seagrass site (Figure 5). This
distinctiveness implies that the §'>C-EAA values in a consumer
can reveal direct trophic links with a co-occurring macrophyte in a
local environment.

3.3 Assessinsg the consistency of mean-
centered §°C-EAA values across field and
comparative studies

When LDA analysis was performed with mean-centered 8'*C-
EAA values for macroalgal groups collected from Busan, red, brown
and green macroalgal groups were classified with 95.6% probability
within their own groups (Wilkis’ A = 0.18, F = 3.35, p = 0.004).
Upon adding mean-centered §"°C-EAA values for the seagrass
group, LDA analysis showed that the seagrass group was
classified to its own group with 71.4% posterior probability, but
28.6% of the seagrass group overlapped with red macroalgal groups

(b)
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20 4 B Green macroalgae O Seagrass
& Caprellidae

20 4
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40 4
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Comparison of (A) 8**C-EAA values and (B) mean-centered §*C-EAA values from meso-grazer Caprella with macrophytes collected from Busan. An
* is added if there is a significant difference (p < 0.05) in the AA isotopic values between any macrophyte producers and the meso-grazer, as
determined by one-way ANOVA. Multivariate separation of Caprella and four macrophyte groups as source end-members, based on linear
discriminant analysis based on (C) §**C-EAA values and (D) mean-centered §-°C-EAA values. Ellipses present 50% of the data.
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FIGURE 5

Principal component analysis of 3*3C-EAA values (including Val, Leu, Ile, Thr, and Phe) in macrophytes (circle: red algae; diamond: brown algae;
triangle: green algae; square: seagrass) collected at multiple sites (red: Busan intertidal area; yellow: seagrass area; blue: Jeju subtidal area; green
Jeju intertidal area; pale green: Ulva culture). The §"*C-EAA values from the meso-grazer group Caprella overlapped with those of the macroalgal

groups, which were collected on the Busan intertidal shore

(Figure 4D). The green macroalgal group did not overlap with
either the red macroalgal or seagrass group. The LDA model based
on mean-centered 3'>C-EAA values of the four macrophyte groups
showed that overall Caprella individuals were widely distributed
from macroalgal groups (green and brown macroalgae) to seagrass
group (Figure 4D), with lower prediction probabilities than the
LDA model based on 8> C-EAA values (Supplementary Table 3).
The separation among the four macrophytes in Busan remained
even after including macroalgal samples collected from Jeju and lab-
cultured Ulva in the analysis (Figure 6).

On applying diverse taxonomic groups, our LDA model
correctly classified 76 of 100 samples (76%) within their own
groups of bacteria, microalgae, macroalgae, and seagrass, using

@ Red macroalgae

@ Brown macroalgae
@ Green macroalgae
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A Green (Jeju)
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FIGURE 6

Linear discriminant analysis with mean-centered §-*C-EAA values (5
EAAs: Val, Leu, Ile, Thr, Phe) of macrophytes collected in the field
(Busan and Jeju) and lab-cultured sample. Ellipses present 50% of
the data.
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previously published dataset (Larsen et al, 2009, 2013; Elliott
Smith et al.,, 2021). LDA confidence ellipses for bacteria,
microalgae, macroalgae, and seagrass did not fully overlap, and
the bacteria and seagrass groups in particular were distinct from
each other (Supplementary Figure 2A). Both macroalgae and
seagrass showed comparably low dissimilarity (i.e., a low BC
value) to bacteria (Supplementary Table 4). This consistency was
observed with a predictability of 75% using seagrass and macroalgal
groups from the field as end members (Supplementary Figure 2B).
The model successfully classified all bacteria, 96% of microalgae, all
seagrasses, and 47% of macroalgae. A low similarity (a low BC
value) was seen between macroalgae and bacteria, but high
similarity (a high BC value) with seagrass (Supplementary
Table 4). With the addition of lab-cultured macroalgal samples to
the macroalgal group, the model successfully classified all bacteria,
the majority of macroalgae (64%), most microalgae (96%), and all
seagrass (Figure 7). This suggests that phylogeny grouping plays a
more significant role in separation than the physiological responses
of macroalgae to environmental changes.

4 Discussion

Our findings show that mean-centered §'°C-EAA values in
macrophytes remain consistent under environmental changes.
Similar to microalgal cultures over diverse abiotic conditions
(Larsen et al., 2015; Stahl et al., 2023), our study re-confirms that
field sampling over temporal variations and cultured setups with
added N and temperature gradients can influence the 8'>C-EAA
values of macrophytes. We found that interactions between higher
temperatures and added N increased 8'°C-EAA values. Carbon
isotope fractionation in EAAs in response to temperature and
nutrient availability can be mediated by increasing biomolecule
quantities, such as those for AAs and sugars (Gao et al., 2018; He
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Linear discriminant analysis of mean-centered §-*C-EAA values (five
EAAs considered: Val, Leu, Ile, Thr, and Phe) from microalgae,
bacteria, seagrass, and macroalgae. Data for microalgae and
bacteria were obtained from Larsen et al. (2013), and macroalgae
and seagrass were field-collected and lab-cultured for this study.
Ellipses represent 70% of the data.

et al., 2018; Chen et al., 2023). However, distinct mean-centered
8'°C-EAA values among different macroalgal groups were observed
across spatio-temporal scales, which is consistent with previous
studies (Elliott Smith et al., 2022). Both §'>C-EAA and mean-
centered 8"C-EAA values in macrophytes can therefore be used to
assess ecological changes, including eutrophication and climate
change, in a local environment.

4.1 Effect of environmental variations
on macrophytes

We examined the 8'°C-EAA values in Zostera seagrass from
two habitats (subtidal and intertidal areas) collected simultaneously.
Zostera is widely distributed in both intertidal and subtidal zones
due to its physiological flexibility to cope with diverse abiotic
conditions, such as high irradiance and desiccation-induced stress
in intertidal zones relative to lower irradiance and submergence in
the subtidal zone (Park et al., 2016). We expected to find distinct
8'3C-EAA values in Zostera at spatial scales. However, there was no
significant difference in individual §'*C-EAA values between
intertidal and the subtidal specimens (Figure 2), although the
overall mean of the §'°C-EAA values in the intertidal algae
(—~14.1%0) was slightly lower than that of the subtidal algae
(—=13.2%0). Marine macrophytes are known to utilize HCOj5’
(which has a relatively high 3'3C value) as well as CO, (which
has a relatively low 8'°C value) for photosynthesis (Fry and Sherr,
1989; Raven et al., 2002a). Bulk 8"*C values ranging from —10%o to
—30%o indicate that macrophytes use both CO, and HCO;™ with
variable gradients as inorganic carbon sources (Raven et al., 2002a,
2002). Within this isotopic range, HCO;™ users tend to be higher,
while CO, users tend to be lower due to the active use of carbon-
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concentrating mechanisms during photosynthesis (Raven et al,
2002a, 2002). The slightly low carbon isotope value in intertidal
Zostera relative to subtidal algae indicates that the major carbon
sources for photosynthesis involve a higher proportion of
atmospheric and/or dissolved CO, compared with HCO; .
Consistent with our isotopic results, the 8"*C value of bulk leaf
tissue is considerably lower in intertidal algae compared with
subtidal counterparts, particularly those collected in fall and
winter in Korea (Park et al,, 2016). The negligible difference in
8"3C-EAA values between the two sites in our results indicates that
seagrasses may exhibit a similar physiological response during the
winter, possibly because of the less-dynamic conditions relative to
other seasons and considering abiotic factors such as carbon
sources, temperature, irradiance, and desiccation in intertidal and
subtidal areas.

The perennial brown macroalga Ecklonia exhibited temporally
variable 8> C-EAA values at diverse temporal scales (across seasons,
as shown in Table 1 and Figure 2). For Ecklonia, the lowest §">C-
EAA values (Leu and Ile) were detected in the winter season
(February 2015). Coinciding with the time period of the Ecklonia
sampling for isotope measurement, both the blade length and
biomass of the mature plant significantly increased in the field
(Munseom Island) between winter and spring (Kim et al., 2016).
Furthermore, active growth of Ecklonia in the lab was observed,
particularly at low temperatures simulating ambient conditions
during winter, in addition to nitrogen sources (Choi et al., 2020).
Several studies consistently reported a decrease in the '*C of bulk
macroalgal tissues during winter, based on the brown macroalgae
Macrocystis (Drobnitch et al., 2018) and Laminaria (Shim et al,
2017). This phenomenon occurs during the coldest winter months
in seawater, an active growth period, as indicated by the increase in
both length and weight. This temperature-dependent response was
also observed in opportunistic species of Ulva. In particular, field-
collected Ulva exhibited a significant decrease in §'>C-Val values in
February 2021 (the coldest month for seawater around Jeju Island)
compared with the other sampling months (Figure 2). The lower
8"3C-EAA values in macroalgae may therefore be a physiological
response to colder temperatures, inducing active growth in the field.

Similar to the Ulva specimens collected from the field
(Figure 2C), Ulva cultured with added nutrients (100 pM NO5’
and 100 pM NH,") exhibited isotopic changes influenced by
temperature gradients. Specifically, all 3'>C-EAA values changed
gradually across the temperature gradients, with lower values
observed at 12°C and higher values at 27.5°C (Figure 3B). To a
lesser extent, Leu and Ile 8'°C values from cultured Ulva in ambient
seawater were also influenced by temperature, showing lower values
at 12°C compared with 20°C or 27.5°C (Figure 3A). Previous studies
on members of the Ulva genus report that the interactive effects of
high N nutrients (nitrate and ammonium) and temperature
differences increase the amount of AAs (Gao et al, 2018; He
et al, 2018; Chen et al.,, 2023). In terms of AA metabolism, U.
ohnoi under high-temperature conditions (35°C) has a much higher
quantity of diversity of AAs (alanine, glycine, serine, glutamic acid,
Val, Leu, Ile, Phe, and Tyr), while Ulva under low-temperature
conditions (15°C) has increased quantities of a few AAs (Leu, Ile,
Tyr, and proline) (He et al, 2018). Moreover, Gao et al. (2018)
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reported that the protein content and AA quantities in U. rigida
increased after 12 days of culturing with added N (e.g., 6 uM to 150
uM nitrate) and temperature conditions (14°C and 18°C). Active
EAA accumulation in response to the combination of added N and
temperature would therefore be expected in our Ulva sample.

A recently introduced species from subtropical regions, U.
ohnoi, demonstrates strong adaptability to elevated temperatures
and inorganic nitrogen sources. It can grow continuously even in
warm seawater in temperate regions under diverse N sources (Kang
et al,, 2021). Our Ulva samples, when subjected to extremely high
nitrogen supplies and a high temperature of 27.5°C, showed no
dramatic decrease or degradation in the thalli. Instead, steady
growth was observed over a two-week period (personal
observation by SR Park). Previous studies have reported that an
increase in temperature and nutrient additions may induce the
accumulation AAs in Ulva thalli (Gao et al., 2018; He et al., 2018;
Chen et al,, 2023), as well as fructose, galactose, and mannose
(involved in galactose metabolism), and fructose, sucrose, maltose,
and glucose (involved in starch/sucrose metabolism) (He et al,
2018). Given the relationship between products and precursors, the
8"3C values of products are expected to be lower than those of the
precursors. This is because lighter isotopes such as '>C are used in
larger quantities during biochemical processes, leaving behind a
higher proportion of heavier isotopes such as '>C, in a process
known as isotopic discrimination. The principle of isotopic
discrimination suggests a general decrease in 3'?C-EAA values,
particularly if a single precursor is incorporated to produce a large
amount of biomolecules or products (AAs). However, a broad
spectrum of isotope values in diverse precursors would affect the
8'>C-EAA values in the resulting products. The §'>C-EAA values in
Ulva were unexpectedly high in our study (Figure 3B). This
supports the possibility that the production of AAs and the
carbon skeletons supplying them, under increased temperatures
and added N, may be derived from different intermediates of the
carbon backbones and the interconnection of diverse biosynthetic
routes. The isotopic fractionation of §'*C-EAA values in Ulva may
vary depending on environmental conditions, but further study is
needed to determine whether a macroalgal AA-based indicator can
be effective over a wide range of N concentrations, including the
field gradient (Jones et al., 1996). However, our findings suggest that
8'°C-EAA values can serve as a critical indicator for adaptations of
macroalgae to changing environmental conditions in
coastal oceans.

4.2 Ecological insights of *C-EAA and
mean-centered 8°C-EAA values

In a PCA plot of §'>C-EAA values (Figure 5), the distinct effect
of the sampling location is clear, with most intertidal macroalgae
from Busan separated from seagrass (Busan), Ecklonia (Jeju subtidal
area), and Ulva (Jeju intertidal area). A brown macroalga from
Busan (Sargassum muticum only) was located close to other
macroalgal species from Jeju Island. Ulva specimens (sampled in
Jeju and grown in lab conditions for two weeks) exhibit a wide
distribution relative to Ulva collected from the field (sampled in
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Busan) in the PCA plot. Focusing on the Busan area, LDA plot with
8'>C-EAA values also showed that macroalgal groups (red, green
and brown macroalgae, respectively) were differentiated from
seagrass group (Figure 4C). These results suggest that 3'>C-EAA
values of macrophytes can serve as indicators of basal organisms,
local growth conditions, which vary across time and space at
different geographic scales (Vokhshoori et al., 2014; Larsen et al.,
2015; Elliott Smith et al., 2022; Stahl et al., 2023).

Specimens of the consumer Caprella were overlapped with co-
sampled intertidal macroalgal samples in the Busan area (Figure 4).
The LDA model with 8">C-EAA values of four macrophyte groups
predicted overall Caprella individuals as macroalgal groups, mostly
brown macroalgae (Figure 4C, Supplementary Table 3). Although
three Caprella samples appeared to be close to the seagrass group
(Figure 4C), due to LD3 component in LDA analysis
(Supplementary Figure 3), they were actually predicted to belong
to the green macroalgal group (Supplementary Table 3).
Comparably, the LDA model with mean-centered 8'°C-EAA
values also showed that most Caprella samples were likely
predicted as macroalgal groups rather than seagrass group
(Figure 4D). Overall results indicate that Caprella samples seem
to have assimilated EAAs from mainly brown macroalgae, but likely
also other macroalgae or basal organism that they have not been
tested. It is consistent with the feeding behavior of Caprella, which is
both a grazer and a detritus feeder (Kang et al., 2008) that is unlikely
to feed on bacteria or assimilate bacteria-produced EAAs.

At the level of individual EAAs, the §'*C values of Val, Leu, Tle,
Thr, and Phe in the consumer Caprella were isotopically similar to
one of macroalgal groups (red, green and brown macroalgal
groups), but were significantly different from §'>C-EAA values in
seagrass (Figure 4A). §">C-EAA values, originating from trophic
bases, are generally passed on through trophic transfer to
consumers without significant changes in isotopic values
(reviewed in Whiteman et al., 2019; Yun et al.,, 2022). As
macrophytes groups exhibit distinguishable §'°C-EAA values
(e.g., Figure 4), the small consumers co-occurring with seagrass
beds should show isotopically different values from consumers co-
occurring with macroalgal beds. When considering the “isotopic
baseline” with 8'>C-EAA values of the consumer Caprella, a
difference in baseline 8'>C-EAA values is expected, based on the
assumption that consumer 8'°C-EAA values reflect those of their
primary food source. Although several studies have reported the
potential of the §'>C-EAA values of consumers to serve as “isotopic
baselines” adapted for specific geographic ecosystems and
variations (e.g., Vokhshoori et al., 2014; McMahon et al., 2016;
Vane et al., 2023b), the 8'3C-EAA values of a mixed basal resource
user (e.g., Caprella) might not be utilized as “isotopic baselines” to
indicate specific local basal organisms in coastal areas. If one wants
to trace the contribution of EAAs synthesized by specific basal
organisms to a marine benthic consumer, it is essential to measure
each basal organism directly, as is done in this study by analyzing
individual macrophytes.

To minimize the influence of environmental characteristics on
the physiological traits specific to macrophytes, we used mean-
centered 8'°C-EAA values (Larsen et al., 2013, 2015). Our
hypothesis is consistent with prior research that found that mean-
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centered §'C-EAA values remain robust across different times and
lab-cultured conditions, unlike the variable 8'°C-EAA values.
Indeed, both the temporal variation (Figure 2) and lab-cultured
conditions (Figure 3) had a less significant impact on mean-
centered 8"°C-EAA values for macrophytes. The variability range
for mean-centered 8'°’C-EAA values of cultured Ulva
(approximately 1.0%o to 4.4%o) was narrower than the §'>C-EAA
values of 3.6%o to 10.3%o. Similarly, field-collected Ulva exhibited a
limited variability range of 1.2%o to 5.3%o for mean-centered §'*C-
EAA values in contrast to 4.5%o to 7.8%o for 8'°C-EAA values
(Figure 2C). Our results support the notion that mean-centered
8"3C-EAA values in hard- and soft-bottom portions of subtidal and
intertidal zones remain consistent. Previous studies also report
consistent mean-centered §'>C-EAA values in both laboratory
experiments and collections from natural environments (Larsen
et al,, 2015; Elliott Smith et al., 2022). This approach can therefore
be used to reliably characterize large taxonomic groups.

Using mean-centered 8'°C-EAA values for macroalgae in Busan,
an LDA plot (Figure 4D) shows distinct separation among brown
(Phaeophyta), red (Rhodophyta), and/or green (Chlorophyta) algae,
which is consistent with findings from previous studies (Larsen et al,,
2013; Elliott Smith et al,, 2021, 2022). This separation may be related to
significant phylogenetic distances among macroalgal groups (e.g.,
Kloareg et al., 2021) and emphasizes the reliability of mean-centered
8'>C-EAA values in distinguishing among macrophyte groups. This
reliability is primarily influenced by taxonomic, morphological, and
biochemical differences among macroalgal groups, while
environmental variations have less of an impact. However, upon
inclusion of seagrass group, a considerable overlap was observed
between seagrass and red macroalgae, and this trend remained even
after lab-cultured Ulva samples (green macroalga) were included in the
LDA analysis (Figure 6). Although phylogenic distances are relatively
long between seagrass and red macroalgae (Kloareg et al., 2021), there
was an overlap in the LDA plot. This overlap is likely due to the large
variability among the macrophytes and the extreme variation in site-
specific environmental conditions reported in this study, and therefore
could add variances to the macroalgal groups in our LDA analysis.
Furthermore, as training data from larger phylogenetic groups such as
bacteria and microalgae were included, macroalgae overlapped with
seagrass (Figure 7). However, the LDA results based on mean-centered
8> C-EAA values (Figure 7 and Supplementary Figure 2) were robust,
correctly classifying seagrass, bacteria, and microalgae (> 88%).
Including more EAAs in an LDA analysis may improve its ability to
distinguish macrophytes for food web studies. These results indicate
that mean-centered §'>C-EAA values of macrophytes can be used
effectively to characterize benthic food webs, particularly in
environments where macroalgae and seagrass do not abundantly co-
occur, such as rocky shores (macroalgae-dominant environments) and
sandy/muddy bottoms (e.g., seagrass meadows).

5 Conclusions

We investigated the variation of §'>C-EAA values in macrophytes,
ranging from seagrass to red, brown and green macroalgae, across
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diverse environmental conditions. We confirmed that diverse
macrophytes can be classified by their mean-centered §'°C-EAA
values, although the distinction between red macroalgae and seagrass
was not clear. However, we were able to use 8'°C-EAA values to
differentiate among seagrass and macroalgal groups, particularly those
from the Busan region. This indicates that §'>C-EAA values can serve
as “isotopic baselines” to characterize local environments. Variation in
8" C-EAA and mean-centered 8"*C-EAA values can therefore provide
diverse insights into the characteristics of local trophic bases at sites
undergoing environmental changes. To monitor the biochemical and
ecological impacts of environmental problems, future studies should
explore the effects of acidification, CO, levels, and eutrophication on
the stable isotope values of AAs in a key macrophyte species and their
associated consumers across geographic scales.
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