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Kelp forests have declined gradually all over the world. Understanding the trophic 
structure of such a productive and diverse ecosystem is crucial for its restoration and 
effective management. Few studies, however, have focused on the trophic structure and 
functional recovery of kelp forests in the process of restoration. This study was conducted 
in the eastern coast of Korea where kelp bed restoration was in process with the removal 
of sea urchins. In addition to quantitative measurement for recovery using common 
community parameters, we investigated how fast the stability of a food web structure 
could be established in the newly restored kelp beds with an initially barren condition, 
using stable isotope analysis, in comparison with a nearby natural bed and barren site. 
At the restored bed, total algal biomass and diversity reached the levels of the natural 
bed within 1 year. While the δ13C and δ15N values of macroalgae and organic matter 
were separated isotopically, they were similar among sites, excluding organic matter at 
the natural bed in 2019. Most consumers showed similar isotopic values among sites, 
with overlapping range for δ13C of producers. However, some herbivores showed higher 
δ

15N values as predators/omnivores, particularly at barrens, which could be explained by 
trophic plasticity depending on the macroalgal structure. In the restored bed, for the first 
year, higher trophic diversity (CR, CD) and lower trophic redundancy (MNND, SDNND) 
showed non-overlapping >50% CIs among sites. However, this distinctive stage moved 
toward the natural bed upon entering the second year as trophic diversity decreased 
and trophic redundancy increased while natural bed overlapped at<50% CIs. The 
recovery speed in this system was fast (1 year for quantitative perspectives and 2 years 
for functional completion). After removing the sea urchins, recruitment of macroalgae 
quickly increased concomitantly with consumer groups, boosting the diversity and trophic 
structure of the restored bed. The trophic structure of the first year of restoration was not 
an intermediate stage toward the completion, but a transient over-shooting state. This 
might have been triggered by the fast introduction of diverse macroalgae to the urchin-free 
bare rock space, providing an interesting finding needed to be tested in other temperate  
marine systems.
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INTRODUCTION

Kelps are large, brown macroalgae belonging to the genera 
Laminaria, Ecklonia, and Macrocystis, among others. They 
constitute marine subtidal forests in temperate and subpolar 
latitudes around the world (Shannon and Weaver, 1949; Steneck 
et  al., 2002; Smale and Wernberg, 2013; Krumhansl et  al., 
2016; Wernberg et al., 2016; Layton et al., 2019). Kelps are key 
components as foundational species and food resources (Steneck 
et al., 2002; Graham, 2004) for a myriad of biota, ranging from 
small invertebrates to large mammals and other macroalgae 
(Mann, 1973; Christie et  al., 2003). Unfortunately, kelp forests 
have been threatened by coastline urbanization, sewage outfalls, 
global warming, and ocean acidification (Filbee-Dexter and 
Scheibling, 2014) along with extension of destructive grazing by 
urchins and herbivorous fish (Ling et al., 2009; Wernberg et al., 
2016). Kelp forests have declined substantially over the past half-
century, with approximately 38% loss of kelp forest areas globally 
(Krumhansl et al., 2016). Recent studies have revealed that kelp 
deforestation can trigger a cascade of impacts on energy flow 
(Moore and De Ruiter, 2012; Thompson et al., 2012; Eger et al., 
2021; Gabara et al., 2021), biodiversity, and ecosystem services 
(Graham, 2004; Edwards et  al., 2020; Spector and Edwards, 
2020). Considering the highly valued roles of kelp forests, there 
have been many efforts to mitigate kelp deforestation and its 
notable impacts on kelp-associated ecosystems.

Diverse kelp restoration studies have been conducted to 
understand how well algal beds and ecological functions can 
re-develop in deforested grounds (Ling et al., 2015; Teagle et al., 
2017; Layton et al., 2019). Generally, biomass and density in the 
recovered site have been simultaneously compared with those 
in the reference (or damaged) habitat to determine the recovery 
success (Graham, 2004; Rooney et  al., 2008). However, there 
might be a limit with only a numeric approach (e.g., biomass 
and density) to prove trophic relationships between food source 
and its consumers (Baskett and Salomon, 2010; Salomon et al., 
2010; Leleu et al., 2012). Furthermore, the recovery timing and 
procedure are not simply predictable due to temporal and regional 
variability caused by fluctuating environmental conditions and 
biotic factors (Krumhansl et al., 2016). This is a critical point for 
kelp restoration projects because re-developing kelps can exert a 
bottom-up regulation for consumer populations in complex ways, 
ranging from direct effects on diet availability for consumers to 
indirect effects on overall food web functioning (Moore and De 
Ruiter, 2012; Thompson et  al., 2012; Clasen and Shurin, 2015; 
Miller et al., 2018). Examining the trophic relation and diets of 
consumers, particularly in kelp ecosystems, can provide crucial 
insights into the recovery mechanisms underlying the ecological 
functioning and recommendations for sustainable management 
actions at local and regional levels (Graham, 2004; Rooney 
et al., 2008). Nevertheless, limited studies have been conducted 
to evaluate food web structure and functional recovery in the 
process of kelp forest restoration (Neckles et al., 2002; Kang et al., 
2008).

Stable isotope ratio analysis has become one of the most 
common tools to understand trophic connectivity, food web 
structure, and ecosystem functioning (Bearhop et  al., 2004; 

Newsome et al., 2007; Abrantes and Sheaves, 2009; Rader et al., 
2017; Nielsen et  al., 2018; James et  al., 2020; Gabara et  al., 
2021). This is because the stable isotope ratios of carbon (δ13C) 
and nitrogen (δ15N) in consumer’s tissues can reflect its food 
resources in a predictable manner (Deniro and Epstein, 1978; Fry 
and Sherr, 1989; Hobson and Welch, 1992), showing negligible 
values for δ13C or quite stable stepwise enrichment for δ15N 
with a trophic transfer (Minagawa and Wada, 1984; Post, 2002). 
Ultimately, the combination of δ13C and δ15N values is a useful 
tool to indicate the strength and weight of a trophic network 
more objectively and effectively (Wozniak et al., 2006; Nordström 
et  al., 2015). Recently, stable isotope signatures with Bayesian 
ellipses have provided diverse information such as available 
resources, resource contribution, trophic niche overlapping, and 
trophic diversity (Bearhop et  al., 2004; Newsome et  al., 2007; 
Abrantes and Sheaves, 2009; Demopoulos et  al., 2017; Rader 
et al., 2017; Nielsen et al., 2018; James et al., 2020). In this respect, 
isotope tools have been applied to understand food web changes 
in response to several restoration management actions (or 
plans) in diverse damaged habitats (e.g., salt marsh and estuary), 
particularly for macrofauna and fish. However, most subtidal 
restoration programs have focused less on functional recovery 
and its procedure for macrobenthic consumers in a kelp-
associated community (but see Kang et al., 2008; Cresson et al., 
2014), although how fast the newly restored kelp community 
can achieve functional recovery and food web stability remains 
unclear.

As a part of kelp restoration projects conducted in the east 
coast of Korea with sea urchin’s removal on barren sites, we 
selected sites where successful restoration was achieved and 
investigated the food web structure of the first year and that of 
the second year of restored algal beds in two consecutive years. 
We also determined how the temporal change of the food web 
structure, including the macrobenthic consumer community, 
would occur during the restoration status of kelp beds. A 
comparative assessment using stable isotope analysis was made 
with the nearby existing natural kelp bed and the barren site as 
reference sites.

MATERIALS AND METHODS

Study Area and Experimental Conditions
This study was part of Korea’s nationwide kelp restoration 
project (Hong et al., 2021). This particular work was focused on 
the restoration of kelp forests by controlling sea urchin density 
and the recovery of food web structure in the restored kelp 
beds. The study site was located at the shallow coastal area in 
Jangho, Samcheok City, on the eastern coast of Korea (37°17′1.5″ 
N, 129°19′21.48″ E, Figure 1). The restoration experiment was 
conducted in the subtidal zone (depth range: 7–10 m), which 
contained multiple rock beds mostly separated by sand. These 
rocky substrates were completely barren with a high density 
(average: 7.5 individuals m-2) of sea urchins, Mesocentrotus nudus 
and Strongylocentrotus intermidius, before the initiation of this 
study. Our previous survey (Jeon et al., 2015) done at the same 
site indicated that the subtidal macroalgal community showed a 
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distinctive assemblage with a gradient of sea urchin density. In 
the present survey before the initiation of sea urchin control, the 
low-urchin zone (0–2 individuals m-2) was dominated by brown 
macroalgae (such as Undaria pinnatifida and Sargassum horneri) 
and red alga (Pachymeniopsis spp.), showing a typical macroalgal 
forests in this area in contrast with the barren urchin zone (>8 
individual m-2) which showed a little coverage of folious algae 
with the spontaneous appearance of Colpomenia claytoniae, 
Dictyota coriacea, and Ulva australis.

The experiment was started in August 2017 with the first sea 
urchin removal in the restored bed. It was ended in August 2019. 
In the barren zone, we divided the area into two sites, one for 
no-urchin zone (named “restored bed” hereafter) and the other 
for sea-urchin-present control zone (“barren site”). We removed 
the sea urchins by SCUBA diving continuously at an interval of 
2 to 3 months during the study, leaving other herbivores (such 
as Aplysia kurodai, Chlorostoma lischkei, and Haliotis discus) 
uncontrolled because their densities were low. This manipulation 
was effective in keeping the sea urchin density at less than 2 
individuals m-2 because the existing sandy substratum between 
bedrocks made it hard for the sea urchins to move across. The 
natural kelp beds (“natural bed”) located nearby—180 m away 
from the barren site (also 285 m away from the restored bed)—
was chosen as the reference site. During the study, a total of 12 
species of benthic consumers were present, including 7 species 
of herbivores (Acmaea pallida, Aplysia kurodai, Chlorostoma 
lischkei, Haliotis discus, Mesocentrotus nudus, Stichopus japonicus, 
and Strongylocentrotus intermedius) and 6 species of secondary 
consumers and omnivores (Asterias amurensis, Asterina 
pectinifera, Cellana grata, Ceratostoma fournieri, Kelletia lischkei, 
and Thais bronni). The flora and fauna in this site have also been 
reported previously (Choi et al., 2006; Kang, 2010).

Sample Collection and Processing
During our study period, macroalgae, organic matter (OM), 
and benthic invertebrates were sampled in June of 2018 and 
2019 by SCUBA diving at the restored bed, the natural bed, and 
the barren site. The sampling month in June of 2018 and 2019 
is the end of spring, which has been frequently observed as the 
most productive season for macroalgae in the area. All visible 
macroalgal species with five replicate thalli were collected at each 

of the three sites for stable isotope analysis. After the epiphytes 
were carefully removed, the macroalgae were then rinsed in the 
field. In addition, periphytonic OM was sampled by scraping 
with a brush (area of 100 cm2) the rock surface underwater. The 
sampled periphytonic OM attached to the brush was resuspended 
in distilled water. After a pre-filtration procedure through a 100-
μm sieve to remove large particles, OM was collected on pre-
combusted GF/F 0.7-μm glass fiber filters. For consumer samples, 
the replicate individuals of macroinvertebrates were hand-picked 
in all three sites to secure enough volume for analysis. The 
samples of macroalgae and macroinvertebrates were sorted and 
identified to the lowest taxonomic level in the lab.

Stable Isotope Analysis
To reduce any possible variations of algal tissue types to appear on 
stable isotopic analysis, mature and healthy-looking individuals 
(e.g., excluding the thallus with epiphytes or reproductive organs 
such as sporangia or shedding parts) were used. For consumers, 
the most abundant size classes were chosen to reduce the 
variability of stable isotope value in response to the size and 
the development stage of the consumer (Fredriksen, 2003; Sun 
et al., 2012) rather than targeting mixed sizes and classes. Then, 
consumer samples were dissected to obtain primarily muscle 
tissues such as the jaw muscles of Aristotle’s lanterns of sea 
urchins, podia of sea star, foot tissue of gastropods, and body 
walls of sea cucumbers. All samples from primary producer 
groups (macroalgae and OM) and consumer groups (benthic 
macroinvertebrates) were freeze-dried. Biota samples were then 
ground to a fine powder with mortar and pestle. The pulverized 
samples, approximately 5 mg for algal sample and 1 mg for 
consumers, were weighed into tin capsules for nitrogen isotope 
analysis (N = 3). Samples containing inorganic carbonates were 
pretreated with HCl. Approximately 1 mg of algal sample and 
0.5 mg of consumer sample were then used for carbon isotope 
analysis (N = 3).

Both carbon and nitrogen isotope ratios were analyzed 
using an elemental analyzer (Euro EA3028, EuroVector, Milan, 
Italy) coupled to an isotope ratio mass spectrometer (Isoprime, 
GV Instruments, Manchester, UK). Stable isotope ratios were 
expressed as relative ratio to the standard in permillage (‰) with 
a standard δ notation:

FIGURE 1 |   Map of the study area in Jangho-ri, Samcheock-si, South Korea (37°17′1.5″ N, 129°19′21.48″ E).
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( ) sample 3
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RX ‰ 1 10
R

  
  δ = − ×
    

where X was 13C or 15N and R was the corresponding ratio of 
13C/12C or 15N/14N relative to the Vienna Pee Dee Belemnite 
standard and atmospheric N2, respectively. We performed 
triplicate measurements for each sample.

Recovery of Macroalgal Community in 
Trophic Base
The characteristics of the macroalgal assemblage were measured 
with several indices, including the Shannon–Wiener species 
diversity index (H′, Shannon and Weaver, 1949), based on 
algal taxa specific biomass and total biomass. Differences in 
macroalgal abundance (total biomass) among three sites (N = 8 
for restored bed, N = 5 for natural bed, and N = 5 for barren 
site) and between two sampling years (2018 and 2019) were 
compared using a two-way analysis of variance (ANOVA) 
followed by Tukey HSD multiple comparison. The normality and 
homogeneity of variance of all data were evaluated using Levene’s 
test prior to ANOVA. Differences of macroalgal assemblages 
among the three sites from 2018 and 2019 (as two fixed factors) 
were tested with PERMANOVA and visually represented by non-
metric multidimensional scaling based on similarity (PRIMER 
statistical package, Clarke and Warwick 1994).

Effects of Basal Algal Source  
Availability on Herbivores
To explore the patterns of δ13C and δ15N signatures in 
macroalgae and consumers, we performed one-way ANOVA 
among sites, followed by Tukey HSD multiple comparison. If 
some species were observed in less than three cases, we used 
independent t-tests. All data were examined for normality and 
heteroscedasticity using Levene’s tests (Zar, 1999). To assess 
the effect of macroalgal assemblage differences across sites on 
consumers, we compared the trophic position of herbivores 
at these sites. To calculate the trophic position, the equation 
of TP = [(δ15Norg - δ15Nbase)/trophic discrimination factor  
(TDF)] + TPbase with the nitrogen value of each species was 
used (Post et al., 2000). TDF was assumed to be 3.40 ± 1.00‰ 
for δ15N (Post, 2002). When trophic base as a nitrogen range 
of primary producers varied, the value of herbivores could 
substitute that of a primary producer (Hussey et al., 2014; Kang 
et al., 2016; Lake et al., 2019). The use of primary consumers 
helps to establish the most accurate δ15N baseline value and 
their TP base fitted to a local environment for estimating the 
consumer TP of interest. Therefore, in this study, we used 
TPbase of 2 and δ15Nbase of the mean of nitrogen isotope value 
of herbivores in each community for estimating the trophic 
position of consumers.

Community Iso-space Metrics
Carbon and nitrogen isotopic signatures of macroinvertebrate 
consumers (grouped by taxa and feeding guild) were used to 

investigate the structure of trophic webs in each site using 
community-wide metrics (Layman et  al., 2007a). Overall, 
13 consumer species were sampled for community metrics 
analysis. Those species were grouped by trophic guilds 
according to their feeding habits into herbivores, omnivores, 
and predators (Kang et al., 2008). Three Layman’s community 
metrics suggested trophic diversity derived from δ13C–δ15N 
bi-plots in each site. δ13C range (CR) and δ15N range (NR) 
gave an estimate of diversity of basal resources and trophic 
length of the community, respectively. Mean distance to 
centroid (CD), measured as the average of Euclidean distance 
of each consumer’s group from δ13C–δ15N centroid, gave a 
measure of the average degree of trophic diversity. Two other 
Layman’s metrics, mean nearest neighbor distance (MNND) 
and standard deviation of the nearest neighbor distance 
(SDNND), represented trophic redundancy. Low values of 
MNND indicated a large proportion of members with similar 
trophic preferences. SDNND was a measure of evenness of 
community component packing, with low values representing 
a more uniform distribution of trophic niches (Layman et al., 
2007a; Layman et  al., 2007b). Layman’s community-wide 
metrics with Bayesian inference were analyzed using the 
SIBER package in R (Jackson et al., 2011). To clarify isotopic 
niches, we used standard ellipse area (SEA) to compare 
communities. SEA was calculated with the SIAR package in R 
(Jackson et al., 2011).

RESULTS

Macroalgal Structure and Diversity
Twenty-nine macroalgal species (4 Chlorophyta, 9 Phaeophyta, 
16 Rhodophyta, and one Magnoliophyta) were found at the 
three sites (restored bed, natural bed, and barren site) during 
the study period (Table 1). In 2018, as the first year of recovery, 
19 algal species were present in the restored bed, which had 
higher richness and diversity (H′ = 0.75) than the natural bed 
(6 species, H′ = 0.36) and the barren site (5 species, H′ = 0.40). 
The high richness pattern that appeared in the restored bed 
in 2018 continued to 2019, the second year of recovery. On 
the other hand, the diversity index dropped to 0.40, similar 
to that of the natural bed (0.35). The recovery pattern of 
macroalgal abundance in the restored bed is shown in Figure 2 
in comparison with the natural bed and the barren site. In 
2018, the macroalgal biomass of the restored bed (1,568.3 ± 
277.47 g wet weight m-2) reached a level comparable to that of 
the natural bed (1,446.7 ± 385.00 g wet weight m-2, p = 0.807), 
which was about 5.7 times higher than that of the barren site. 
This fast recovery of total biomass of macroalgae within 1 year 
at the restored bed was also found for the annual pattern in 
2019, having a macroalgal biomass similar to that of the natural 
bed (Figure 2).

From MDS analysis (Figure  3), there were significant 
separations by sites, years, and their interactions (all p< 0.05), 
whereas the natural bed showed a tight clustering in 2018 and 
2019 (p = 0.481), indicating no substantial change in its natural 
community assemblage. Distinctive separations were observed 
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in the restored bed and the barren site between both years, 
respectively (all p< 0.05). Compared to the 1-year-old restored 
bed, a tighter clustering between the 2-year-old restored bed and 
the natural bed was observed (average similarity of 20.936 in 
2018 vs. 38.577 in 2019), indicating that a significant recovery 
process was shown in the restored bed from 2018 to 2019 
with respect to macroalgal biomass, diversity, and community 
structure (Figures 2, 3; Table 1). Both restored bed and natural 
bed shared the same top two dominant species (Sargassum 
horneri and Undaria pinnatifida, comprising around 40 and 
30% of total algal biomass, respectively) in both years, indicating 
that the newly recovered algal assemblage had already exhibited 
a mature natural form (Table 1). Such brown algal dominance 
did not appear in the barren site. Moreover, several red algae 
(including Acrosorium polyneurum and Gelidium amansii) and 
green algae (such as Ulva australis) were found (1–5%) in the 
restored bed. However, those were rare (< 1%) in the natural 
bed for both years, whereas they were found in the barren site 
particularly in 2019 (2%).

Contribution of Macroalgal Sources  
to Consumers

Isotope Variability of Producers among Habitats
We analyzed 39 different macroalgal species as well as 
periphytonic OM considered as primary producers for 
herbivores. The results of δ13C and δ15N compositions of primary 
producers among the three sites in 2018 and 2019 are shown 
in Supplementary Table S1 and Figure  4. Rhodophyta (e.g., 
Acrosorium polynerum) showed the lowest δ13C value, while 
Chlorophyta (e.g., Ulva. australis in 2018 and Codium hubbsii in 
2019) showed the highest value. The values of Phaeophyta (e.g., 
Sargassum horneri) and OM tended to overlap or appear between 
the range of Rhodophyta and Chlorophyta

Of diverse macroalgal species, Acrosorium polynerum, 
Undaria pinnatifida, and Sargassum horneri were dominant in 
2018 (listed in Supplementary Table S1). Their δ13C and δ15N 
values from the natural bed were similar to those from the 
barren site and the restored bed, showing only<0.5‰ difference 

TABLE 1 | Spatial and temporal changes of biomass (g wet weight m-2) of macroalgae in barrens, restored bed, and natural bed.

Species Barrens Restored Natural

2018 2019 2018 2019 2018 2019

Chlorophyta
Ulva australis 170.75 (116.15)
Cladophora sp. ++
Codium hubbsii ++ ++
Codium fragile ++ +

Phaeophyta
Dictyota okamurae 32.00 (26.26) 30.40 (19.00)
Sargassum nigrifolium 10.80 (10.80) 20.40 (18.00)
Sargassum horneri 90.40 (90.40) 675.52 (316.49) 1463.24 (364.48) 1400.80 (1304.06) 1,824.00 (793.85)
Dictyopteris divaricata 18.40 (18.41) 8.80 (8.31) 223.76 (94.60) ++
Undaria pinnatifida  117.60 (117.6) 403.52 (156.76) 30.75 (29.62) 764.00 (383.44) 1,230.80 (597.13)
Colpomenia sinuosa ++ ++ 45.60 (27.39)
Desmarestia viridis 134.00 (69.17) 29.76 (15.43) ++
Dictyota coriacea + 19.00 (19.00) 5.52 (5.50)
Colpomenia claytoniae 8.00 (5.25) ++ 18.40 (18.40)

Rhodophyta
Schizymenia dubyi 28.25 (17.81)
Pterocladiella capillacea ++ 167.24 (116.72)
Rhodymenia adnata ++ 5.25 (3.44)
Pachymeniopsis elliptica 21.75 (18.08)
Chondracanthus tenellus +
Polysiphonia morrowii 29.20 (29.2)
Lomentaria catenata 24.76 (15.45)
Grateloupia angusta ++ 169.00 (106.57) 6.00 (6.00)
Gelidium amansii  + ++ 8.48 (4.78) +
Acrosorium polyneurum + 108.00 (44.53) 40.14 (14.69) 22.00 (19.76)
Callophyllis crispata +
Grateloupia asiatica + 18.76 (9.20)
Chondrus ocellatus ++
Plocamium telfairiae + 5.60 (4.02) 21.75 (19.83)
Polyopes affinis ++ ++
Polyopes lancifolia ++

Magnoliophyta
Zostera caespitosa +

Data are presented as mean (SE).
+, rare abundance of less than 1.0 g; ++, rare abundance of less than 5.0 g wet weight m-2 in biomass.
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on average. In addition, the δ13C values of OM in 2018 were not 
significantly different among sites (p = 0.801, Supplementary 
Table S1). In 2019, the δ13C and δ15N values for most of the 
common macroalgal species, such as U. pinnatifida (p = 0.770 
for carbon, p = 0.453 for nitrogen, Supplementary Table S1), 
were not significantly different among habitats. Contrarily, OM 
in 2019 showed significantly lower δ13C and δ15N values for those 
from the natural bed (2.2‰ for δ13C, p = 0.003, Supplementary 
Table S1 and 2.6‰ for δ15N, p = 0.024, Supplementary Table  S1) 
relative to the restored bed isotope variability of consumers 
among habitats.

Isotope Variability of Vonsumers Among Habitats
The isotope compositions of herbivores and non-herbivorous 
consumers are shown in Supplementary Table S2 and Figure 4. 
Herbivores showed relatively lower δ15N values than predators/
omnivores (i.e., at least 0.77‰ difference), whereas trophic step 
increases of approximately 3.40 ± 1.00‰ are commonly reported 
(Post, 2002). The consumers for δ13C values changed little 
through food webs, as generally accepted (Deniro and Epstein, 
1978). In 2018, there was a low isotopic variation of overall 
consumers in the barren site (standard deviation 0.3 for δ13C and 

1.1‰ for δ15N) compared to the restored bed and the natural 
bed (standard deviation over 0.4‰ for δ13C and over 1.4‰ for 
δ15N) (Figure  4). At the species level, Acmaea pallida showed 
a significant difference in δ13C value among the three sites, 
showing the following order: barren site = restored bed > natural 
bed (3.5‰ on average) (p< 0.001, Supplementary Table   S2). 
Other herbivores (including Aplysia kurodai and Haliotis discus) 
at the barren site (or restored bed) were higher (from 2.5 to 
3.5‰ on average) than those in the natural bed. However, their 
differences were not statistically significant. Furthermore, such 
isotope variability in δ13C value among habitats was not seen 
for   δ15N. Strongylocentrotus intermedius and H. discus had 
similar δ13C values (< 1.0‰ difference) at the barren site and the 
natural bed. In 2019, the δ13C values of A. pallida and A. kurodai 
in the barren site were slightly but significantly higher (0.7 and 
2.9‰ on average) than those in the restored bed (A. kurodai, p< 
0.001; A. pallida, p = 0.008, Supplementary Table S2). However, 
such δ13C difference among habitats was not detected for other 
herbivore species. Moreover, slight but significant increases  
(i.e., > 0.7‰) of δ15N values were found for Mesocentrotus nudus 
and Chlorostoma lischkei at the barren site in 2019 (M. nudus, 
p  = 0.027; C. lischkei, p = 0.032, Supplementary Table S2), but 
not for other herbivore species.

Trophic Position Shifts of Herbivores
To distinguish the effects of basal food source availability on 
the upper trophic levels, we compared the trophic positions 
(TPs) of direct consumer groups among sites and between years 
(Figure  5). When determining the TP changes of herbivores, 
the δ15N values of common herbivores were used as trophic 
base (TP = 2). The baseline δ15N values for estimating trophic 
length/position in 2018 and 2019 were 8.03 and 8.17‰ at 
the barren site, 8.13 and 8.02‰ at the restored bed, and 7.68 
and 8.34‰ at the natural bed, respectively. In 2018, the TPs 
of Haliotis discus and Acmaea pallida were higher (0.2 and 
0.3, respectively) at the barren site (or restored bed) than at 
the natural bed (H. discus, p< 0.001; A. pallida, p = 0.026) 
(natural bed > barren site > restored bed, Figure 5). However, 
such difference was not detected for other herbivores such 
as Mesocentrotus nudus or Strongylocentrotus intermedius. 
Consistently, in 2019, there was no significant TP variability 
for M. nudus or S. intermedius among habitats. In 2019, the 
TPs of A. pallida, Chlorostoma lischkei, and Stichopus japonicus 
at both the barren site and the restored bed were higher (over 
0.3) than those at the natural bed on average (A. pallida, p = 
0.009) (barren site > restored bed > natural bed; C. lischkei,  
p = 0.010, natural bed > barren site > restored bed; S. japonicus, 
p = 0.037, Figure 5).

Trophic Structure and Isotopic  
Niche of Consumers

Spatial Differences in Trophic Structure
The changes of trophic structure among sites and years 
based on the community metrics and SEA are shown in 
Figures  6, 7. These results were represented by mode, 50, 
75, and 95% confidence intervals (CI), and then graphically 

FIGURE 2 | Total biomass of macroalgae in barrens, restored bed, and 
natural bed in 2018 and 2019.

FIGURE 3 | Multidimensional scaling analysis for comparing macroalgae 
assemblages based on Bray–Curtis similarities of square-root-transformed 
total biomass.
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FIGURE 4 | Bi-plots of mean δ13C and δ15N values of potential diet resources and consumers in each year and site in this study. Vertical and horizontal error bars 
represent the standard errors of each sample (n = 3). Filled circles indicate the average of overall chlorophytes, phaeophytes, and rhodophytes occurring in barrens, 
restored bed, and natural bed in 2018 and 2019, respectively.

FIGURE 5 | Trophic positions of consumers at each year and site (represented by colored squares). The symbol and the vertical error bar represent the average and 
the standard error of each sample, respectively (n = 3).
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FIGURE 6 | Three of the community metrics and SEA inferred by Bayesian, providing information on trophic diversity within a food web—CR (δ13C range  = 
maximum δ13C − minimum δ13C, ‰), NR (δ15N range = maximum δ15N − minimum δ15N, ‰), SEA (standard ellipse areas, calculated from the variance and 
covariance of δ13C and δ15N, ‰2), and the mean CD (distance to the centroid, calculated from the mean Euclidian distance of each individual to the δ13C–δ15N 
centroid for target population or community, ‰). Black dots indicate the mode. Boxes indicate 50, 75, and 95% of credibility intervals for each site (shown in axis) 
and year 2018 data and 2019 data are represented by empty squares and colored squares, respectively.

FIGURE 7 | Two community metrics (mean nearest neighbor distance and standard deviation of the nearest neighbor distance) in a Bayesian model presenting 
information on trophic redundancy within a food web 2018 data and 2019 data are respectively represented by empty squares and colored squares.
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compared between sites and years based on the overlapping 
degree to indicate similarities/dissimilarities. In 2018, there 
were notable differences in community metrics except for δ15N 
range among sites. At the restored bed, all community metrics 
were especially higher than those at other sites without overlap 
at >50% CIs. In addition, the restored bed had the largest SEA 
and CD, suggesting a higher trophic diversity and a less compact 
food web than the other two sites. At the barren site, trophic 
diversity (particularly, lower CD) was smaller than that of the 
natural bed with overlap at >75% CIs. However, the community 
metrics of trophic redundancy (MNND and SDNND) showed 
a level similar to that of the natural bed with overlap at<50% 
CIs, which means that the barren site had a less diverse food 
web structure than the natural bed (Figures  6, 7). In 2019, all 
community metrics including trophic diversity (i.e., CR, CD, and 
SEA) and redundancy (i.e., MNND and SDNND) in the restored 
bed decreased to the levels of the natural bed with overlapping 
at<50% CIs, indicating that the community structure of benthic 
consumers became close to that of the natural bed in a period of 2 
years, whereas the SEA and community metrics at the barren site 
in 2019 increased slightly compared to those in 2018. CR and CD 
for the restored bed especially showed an analogous tendency in 
2018. The increased trophic niche at the barren site in 2019 might 
be due to an increase of the CR value.

Annual Changes in Trophic Structure
At the restored bed, SEA in 2019 became low without overlapping 
at 95% CIs compared to SEA in 2018. The other four metrics (CR, 
CD, MNND, and SDNND) in 2019 also became low to non-
overlapping at 75 and 95% of CIs, respectively (Figures 6,   7). 
The decreased SEA in 2019 might be due to the decreased CR, 
indicating a low number of species with depleted carbon value. 
Moreover, the decreased community metrics at the restored bed 
in 2019 were comparable to those of the natural bed overlapping 
at 50% CIs, indicating that the over-shooting value of the trophic 
structure at the restored bed in 2018, the first year of restoration, 
was at a transient state (Figures  6, 7). However, the tendency 
observed in the restored bed did not appear at the barren site. 
The SEA and community metrics at the barren site in 2019 
were increased slightly compared to those in 2018, especially 
for CR and CD, which showed an analogous tendency to those 
of the restored bed in 2018. The increased trophic niche might 
be due to the increased CR value in 2019. Unlike the restored 
bed or the barren site, the natural bed showed no annual 
difference in trophic structure. A low MNND at the natural bed 
indicated relatively similar trophic ecologies with a high trophic 
redundancy (Figures 6, 7).

DISCUSSION

Our results revealed that functional recovery based on food 
web structure during the restoration of kelp beds showed an 
unexpectedly fast (within 2 years) but interesting pattern rarely 
reported in previous works. The continuous removal of sea 
urchins dramatically changed the community structure of the 
barren site to the existing natural macroalgal bed level, which 

took 1 year for quantitative perspectives and 2 years for trophic 
structure. In quantitative terms, total algal biomass, regardless of 
its assemblage, achieved the level of the natural bed within 1 year, 
indicating the effectiveness of controlling herbivores, specifically 
sea urchins, in this system. The trophic structure in the restored 
bed became similar to its corresponding natural bed in the 
second year with herbivore control, indicating that the functional 
recovery of kelp beds took longer than 1 year, approximately 2 
years. The restored forest especially showed, in the first year, a 
rather unexpected pop-up with higher trophic diversity and 
complexity than the forest of the natural bed instead of showing 
a transitional stage toward the completion of stabilization of the 
trophic structure.

Characteristics of Algal Assemblage 
During Recovery
Macroalgal biomass in the restored bed reached a level 
comparable to that of the natural bed in 2018, also sharing 
the same dominant group with the natural bed community. 
This indicated that restoration was completed in quantitative 
perspectives in 1 year after sea urchin control, consistent with the 
result of our pilot experiment conducted 21 km away from the 
present study site (JH Kim, personal communication). Several 
studies have reported a phase shift between barrens and kelp 
forests (Gagnon et  al., 2004; Yoo et  al., 2004; Kim et  al., 2012; 
Piazzi and Ceccherelli, 2019). Many studies have focused on the 
effects of sea urchin removal and changes in the composition of 
the algal community. When the grazing pressure from a high 
density of sea urchins is released, the chance for additional 
producers, including fast-growing, opportunistic algae and 
diatoms, to emerge within days could be high. Kelp recruitment is 
also increased within several years (Airoldi, 2000; Filbee-Dexter 
and Scheibling, 2014). According to Gagnon et  al. (2004) and 
Guarnieri et al. (2020), the increase of early macroalgal colonists 
is fast. Further introduction of habitat-forming kelp species is 
delayed until 3 years later. Our result could be one of the fastest 
cases of phase shift from barrens to kelp beds among published 
studies that mostly show a recovery after more than 2 years (Ling 
et al., 2015; Tracey et al., 2015; Guarnieri et al., 2020).

Our results also indicated that species diversity had the highest 
level in the 2018 restored community among all sites during the 
entire period. This pop-up increase of diversity in the first year 
of recovery might be due to the introduction of new colonists 
(such as Chondrus ocellatus, Gelidium amansii, Grateloupia 
asiatica, and Ulva australis) that were not major components in 
the existing natural bed. The high recruitment of these members 
mostly observed in the first year at the restored bed followed 
by a decrease when entering the second year to the natural bed 
level might need further explanations. First, these competitively 
recessive species could be recruited without the presence of 
existing competitive canopy-forming superiors (e.g., Sargassum 
and Undaria species) in the first year at the restored bed since 
this site has been barren before the initiation of the experiment. 
Second, these recessive species might have been provided for an 
equal opportunity of establishment with superiors, benefiting 
from enough bare space and simultaneous recruitment timing 
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[see also Airoldi (2000)]. Canopy-forming species are usually 
slow-growing types, requiring a longer time to be recruited 
compared to opportunistic and ephemeral algae (Thibaut et al., 
2014). However, once the canopy-forming species are colonized, 
opportunistic pioneer species will have reduced recruitment 
opportunity (Benedetti-Cecchi, 2000; Thibaut et al., 2014). Not 
all the recessive members in our study may not be opportunistic; 
however, this explanation can be supportive, in part, to our result.

Isotopic Signature of Potential Food 
Sources and Consumers
The macroalgae showed a wide range of δ13C values in each 
site, similar to the pattern shown by Kang et  al. (2008). Most 
macroalgae that co-existed at the restored bed and the natural 
bed showed a similar level of isotopic signature of carbon and 
nitrogen within the range of -35 to -13‰ for δ13C and 2 to 6‰ 
for δ15N (Supplementary Table S1 and Figure  4). Specifically, 
red algae represented the most depleted δ13C (around -35‰). 
The most enriched δ13C was found for green algae at around 
-15‰. The distribution of δ13C values of red algae also showed 
a wide gap between brown and green algae. With depleted δ13C 
values, red algae contributed to a small amount of whole biomass. 
Hence, red algae are viewed as minor dietary sources for grazing 
herbivores (e.g., Choi et  al., 2006; Kang et  al., 2008). However, 
Fredriksen (2003) and Andrade et al. (2016) have reported that 
grazing gastropods use red algae as a main food source. In our 
study, a number of red algal species appeared in substantial 
amounts during the study period, contributing to consumers 
as potential food sources. Therefore, the low δ13C values of 
Aplysia kurodai could reflect its significant consumption on red 
algae. Further investigation is needed to clarify the relationship 
between the feeding habits of consumers and red algae within 
the food web.

OM was also considered in this study as a food source or 
part of the food web base. It included debris from macroalgae, 
suspended particulate organic matter, sediment, and other 
matters. The δ13C of OM in 2018 was comparable to that of 
brown algae specifically. It was also similar among sites, implying 
that the isotopic value of OM could be affected by the distributed 
macroalgae on each site. However, the δ15N value of OM was 
about 3‰ higher than that of brown algae, separating from 
other primary producers. The higher δ15N in OM relative to 
other sources (macroalgae) might be related to the production of 
waste matter from consumers and their microbial colonization, 
which would contribute as an additional pool of OM available 
in ecosystems (Deither et  al., 2019). This difference seemed to 
influence the value of consumers as well. Specifically, sea urchins 
(i.e., Mesocentrotus nudus) showed differences among sites 
regarding isotopic signatures. Fredriksen (2003) has stated that 
sea urchins presumably feed on diverse food resources including 
macroalgae as well as epilithic microalgae, even encrusting 
animals on the barren ground. Furthermore, sea urchins help 
in creating OM by spreading macroalgal particulates, which 
become available for benthic consumers (Yorke et al., 2019). The 
OM that originated from macroalgae and other resources is an 
important food source to consumers, particularly on the barren 

ground (Bustamante et al., 1995; Bustamante and Branch, 1996; 
Yorke et al., 2019). Therefore, in the sea urchin-dominated barren 
site, OM should be a responsible component for sea urchins’ 
survival in the food web when not much preferred food choice 
is available. Based on the indispensable contribution of OM as a 
nutrient source, it is expected that OM can influence the overall 
consumers’ isotopic values.

Although the δ13C values of some consumers were not 
distributed within the range of macroalgae or OM at the barren 
site or the restored bed in 2018, most herbivores showed high 
δ13C isotopic signatures in 2019, which were within the δ13C 
range of potential food resources (Figure  4). Some herbivores 
were Acmaea pallida, Chlorostoma lischkei, and Mesocentrotus 
nudus in this study. These species showed a slight variation in 
the isotopic compositions of consumers among sites and between 
years. This unexpected phenomenon could be due to the non-
sampled resources within the food web (e.g., epiphytes and 
different macroalgae species), as pointed by Catry et al. (2016). 
Potentially, Codium fragile with an unusually high δ13C value was 
notably sampled in 2019, but not in 2018. Thus, the use of this 
algal species by herbivores might have caused δ13C range shift and 
increased the trophic niche of herbivores in 2019. Such trophic 
shift of consumers (e.g., Acmaea pallida and Chlorostoma lischkei) 
could also be due to changes in macroalgal structure at the barren 
site and the restored bed in 2019 based on PERMANOVA result 
(p = 0.003). Particularly, Ulva australis was notably decreased in 
2019 compared to that in 2018. Thus, the use of this species with 
high δ13C values by herbivores generated a broader δ13C range for 
herbivores in 2019. Chlorophyte C. fragile and U. australis might 
be food sources available for herbivores.

The isotopic signatures of δ13C and δ15N and the trophic 
position of benthic herbivores in this study indicated that they 
might have a different trophic ecology although they share the 
same feeding strategy. As herbivores, gastropods Aplysia kurodai, 
Cellana grata, Haliotis discus and the holothruoidea Stichopus 
japonicus showed corresponding δ13C values for macroalgae 
(approximately -24 to -12‰) at all sites and years (Figure  4). 
Their δ15N values were about 3‰ higher than those of the 
macroalgal group (approximately 5 to 8.5‰), suggesting that 
these four species could graze directly on macroalgae. However, 
other gastropods (Acmaea pallida and Chlorostoma lischkei) and 
Echinoidea Mesocentrotus nudus, known as herbivores, showed 
a similar range of δ13C values to the macroalgal group but much 
higher δ15N values at the restored bed in 2019 and at the barren 
site in both 2018 and 2019. Such δ15N value difference relative 
to the average of the entire macroalgal resources as potential 
dietary resources (i.e., approximately 4‰) is beyond the trophic 
enrichment factor of 3.4‰ suggested by Post (2002). Across 
sites, the trophic position of M. nudus was recorded from 2.38 
(2018 barren site) to 2.62 (2019 natural bed). These results 
suggest that this species might have a similar trophic position as 
omnivores or predators (Figure 5). According to Mottet (1976) 
and Himmelman and Steele (1971), sea urchins can feed on 
various resources, especially when the macroalgal abundance is 
low, implying that sea urchins behave like generalist feeders that 
cover a wide variability of prey, including algal species, debris 
originated from kelps, animal carcass, and even crustose coralline 
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algae on rocks. Our results might support the case claimed by 
Mottet (1976) and Himmelman and Steele (1971).

Changes in the Food Web Structure  
During Recovery
The changes in the trophic structure at the restored bed showed 
an interesting pattern during the two years of restoration. It was 
surprising that the food web structure in the first year was not at 
transient level forwarding to the second year’s stabilizing state. It 
was comparable to that of the natural bed. However, it showed a 
pop-up increment represented by an increase of trophic diversity 
(supported by increases of CR, CD, and SEA) and a decrease 
in trophic redundancy (supported by increases of MNND and 
SDNND). This phenomenon coincides with the over-shooting level 
of macroalgal diversity in the first year at the restored bed, although 
its biomass did not exceed that of the natural bed, indicating that 
producer diversity, not abundance, was the key factor responsible for 
the unexpected increase in trophic diversity. When the sea urchin 
density dropped quickly, the grazing pressure was released. Then, 
filamentous algae and benthic diatoms could occur within days, 
laying the foundation for the development of algal canopies with 
increased kelp recruitment within 1–3 years (Gagnon et al., 2004; 
Yoo et al., 2004; Wakanuki et al., 2010; Filbee-Dexter and Scheibling, 
2014). Under a barren condition without sea urchins, it is likely that 
diverse algal species are free to occupy plenty of bare spots without 
much competitive pressure. Turning to the second year, the space for 
new-arrival species could have been limited due to the occupancy of 
existing settlers. Thus, those competitive recessives might have been 
excluded by dominant components, causing a reduction in diversity. 
When the resource diversity fell to a low level, it might promote 
consumers to change their feeding strategies, leading to a high 
trophic redundancy. These changes could be due to the consumers’ 
adaptation to decreased resource diversity (Winemiller and Pianka, 
1990; Costa-Pereira et al., 2017; Pool et al., 2017; Mcmeans et al., 
2019).

In our results, the MNND for the barren site and the natural 
bed in 2018 and 2019 was low and similar to the restored bed 
(only in 2019). The similar variation of MNND might be 
related to differences in sources of nutrition supporting the 
consumers of trophic ecologies in the barren and the natural 
bed, respectively. At the same time, there was a slight increase of 
food web complexity (i.e., CR, SEA, and CD) in the second year 
at the barren site, with its biomass level being consistently low 
in the first year. The yearly variation of MNND and food web 
complexity in the barren site suggests the input of nutritional 
sources like a transient increase of diversity level of macroalgae 
that affects the food web structure for that particular timing. In 
fact, recruits of small-sized algae such as Acrosorium polyneurum, 
Colpomenia claytoniae, and Pterocladiella capillacea (Table  1) 
that did not appear in the previous year were found in the barren 
site, surely contributing more to the diversity index but less to 
biomass or percent covers. A transient change in sea urchin 
density for that particular place and time was not detected in our 
data with a 2-month interval. This phenomenon re-confirmed 
two findings in our study: first, food web indices based on stable 
isotope analysis were more sensitive to the diversity of the algal 

community rather than biomass to determine the criteria of 
recovery and, second, our result of the stable isotope analysis on 
the second year at the barren site showed a somewhat analogous 
pattern to the restored bed in the first year, a boosting start-up 
from barrens to recovery.

Ultimately, adaptive feeders with diverse diet choices may 
improve the long-term stability of complex food webs by 
compensating low resources in environments and by increasing 
trophic redundancy, but without losing consumer diet connectivity 
(Kondoh, 2003; Thompson et al., 2012; Matich et al., 2017; Wootton, 
2017; Mcmeans et al., 2019)—that is, the trophic plasticity of some 
consumers could reflect flexible trophic shifts, which can loosen the 
strengths of trophic interaction and release low-density prey from 
predation pressure to promote food web stability, especially with the 
prevalence of omnivores depending on resource diversity (Mccann 
and Hastings, 1997; Kondoh, 2003; Mcmeans et  al., 2019). Such 
consumer response to fluctuating diet abundance was observed in a 
few gastropod species, Mesocentrotus nudus, and omnivores in our 
study as well. Hence, the notable changes in algal species’ diversity 
are likely due to the control of sea urchin which might allow the 
introduction of a wide range of producers, thus supporting the 
introduction of more diverse consumers. Therefore, diverse and 
abundant food sources could lead to a higher trophic diversity and 
a lower trophic redundancy of the consumer community at the 
restored bed of the first year (e.g., Layman et al., 2007b; Abrantes 
and Sheaves, 2009; Wang et al., 2016; Park et al., 2020). Abrantes 
et al. (2014) have demonstrated that the low trophic diversity and 
SEA in estuarine fish food webs are due to a low producer availability 
caused by the high level of loaded suspended sediments, which can 
restrict primary productivity in the water. However, in our study, the 
abundance of primary producers was constant in 2018 and 2019. 
The only notable change observed was the diversity of macroalgae. 
Therefore, in the process of restoration, changes of food web 
structure are likely to be caused by changes of food source diversity 
rather than food abundance (Hogsden and Harding, 2014; Park 
et al., 2020; Gabara et al., 2021).

Quantitative Recovery  
vs. Functional Recovery
Most previous studies regarding the restoration of kelp forests have 
focused on quantitative recovery, such as abundance, diversity, and 
other community parameters (Wozniak et al., 2006; Marzinelli et al., 
2016; Layton et al., 2019). The functional recovery of a community 
as a stable ecosystem could be measured by the trophic structure and 
food web stability. However, such approach has been empirically rare. 
This study reports the first case of fieldwork using recently developed 
community-wide isotopic metrics to describe the trophic structure 
as well as to demonstrate the functional recovery of kelp beds along 
with quantitative recovery. Since stable isotope analysis is considered 
as one of the most powerful tools to examine the food web structure 
according to Abrantes et al. (2014), our results of the isotope matrix 
provide a better understanding about how the trophic structure is 
changed from being barren to a forest, suggesting a promising tool 
for the functional diagnosis of a newly established habitat in the 
ecosystem. About 2 years after the initiation of sea urchin density 
control, the barren site reached the level of completion of recovery 
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equivalent to the state of the natural kelp bed nearby for both 
macroalgal abundance and food web structure. However, the trophic 
structure and stability of the restored system were not similar to the 
natural forests, although the macroalgal biomass recovered to the 
level of the natural forest in the first year. As Graham (2004) and 
Leclerc et al. (2015) stated, understanding the structural complexity 
and functional relatedness such as energy flow through the food web 
is required for a better understanding of kelp forests.

In this study, the change of species diversity and food complexity 
in sea urchin-free space was unexpectedly fast, and this site became 
similar, in terms of ecological status, to our natural bed by removing 
sea urchin regularly from the barren site. Such effort to reduce the 
ecological impacts in the barren areas needs to be tested in a wider 
area via a long-term study to confirm that such actions are needed 
in the future. We can forecast that similar results would be expected 
if the main cause of the barren site is sea urchins. Otherwise, if 
the cause is pollution, water temperature, and others, it can be 
predicted that the restoration process would be gradual and 
without pop-up trends as witnessed in our study. This study also 
reports that the speed of phase shift from being barren to a forest 
can be much more rapid (within 1 year for quantitative recovery 
and within 2 years for qualitative recovery when sea urchins are 
controlled) than any other ecosystems, although further evidence 
is needed for generalization.
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