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Abstract

:

Effective trophic assessment of restoration success after the creation of an artificial habitat is essential for ecological management. In this study, to evaluate the ecological trophic function of restored kelp beds of artificial macroalgal reefs (AMRs) attached with the kelp species Eisenia bicyclis, we compared carbon and nitrogen stable isotope ratios of organic matter sources and macrobenthic consumers and isotopic indices of functional feeding groups between artificial and reference (natural bed and barren ground, respectively) habitats. There were no significant differences in isotopic values of consumer feeding groups (except for carnivores) and their potential food sources between the artificial and natural sites, suggesting that resource diversity and resource use by consumers was similar across all sites. The isotopic data also exhibited similar or relatively higher trophic niches of feeding groups at the artificial site compared to those at the natural site, indicating that the artificial kelp bed can play important roles in similar ecological functions and services as a natural counterpart. In addition, the present study revealed that the isotopic ranges and niche indices of feeding groups were significantly wider at the artificial and natural kelp beds compared to those at the barren ground, suggesting the trophic importance of macroalgal-derived organic matter to consumer nutrition in coastal ecosystems. Overall, our results support the conclusion that the creation of an Eisenia bicyclis kelp bed by the AMRs may lead to the restoration success of the macroalgae habitat through the recovery of the ecological function of a natural food web structure.
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1. Introduction


Several environmental changes (e.g., ocean warming) caused by human activities pose serious threats to coastal ecosystems, leading to the decline in species biodiversity and abundance, habitats, and ecosystem functioning, thereby hindering the provision of ecosystem services [1,2,3]. In particular, the large-scale loss of macroalgal forests is widely considered to be one of the most important negative impacts on coastal ecosystems globally, which can support high biodiversity and complex food web structures by providing organic matter for consumer production and habitats for marine organisms [4,5,6]. The restoration of degraded macroalgal habitats through the implementation of many practical approaches can be used to increase species richness and biodiversity and improve natural recovery [7,8]. Consequently, artificial macroalgal beds have received significant attention as an effective man-made method for the protection and management of marine organisms and for mitigating macroalgal deforestation and reversing the collapse of coastal habitats [9,10,11].



The restoration or enhancement of marine afforestation by the creation of an artificial macroalgal habitat is normally carried out in South Korea, Japan, and the United States through the deployment of artificial reefs with attached macroalgae, commonly composed of kelps [12]. These artificial macroalgal reefs (AMRs) can play an important role in enhancing the recovery of abundance, density, and biodiversity in benthic invertebrates and nekton through macroalgal growth and the colonization of barren grounds or damaged macroalgal beds [13,14]. Consequently, many studies have focused on the recovery assessment of abundance and biomass of invertebrates and fishes by monitoring community structures of restored and reference (or damaged) habitats [15,16,17]. However, considering the high values of ecological functions of macroalgal forests, it is important to understand the roles of AMRs after their deployment in trophic support and energy transfer through complex food webs, along with enhancing animal community structures as natural habitats [18,19]. The trophic importance of macroalgal forests to coastal food webs is recognized worldwide [20,21,22], An effective ecological management strategy must consider the trophic assessment of consumer species on AMRs by comparing nearby barren ground or natural counterparts. However, few studies have assessed the trophic roles of AMRs on organic matter flow through food webs in response to restoration [23,24].



The analysis of carbon and nitrogen stable isotope ratios has been used widely in identifying dietary resources of consumer species and organic matter flow through food webs [25,26,27,28]. The carbon and nitrogen stable isotope ratios of a consumer’s tissues tend to reflect those of their dietary items by metabolic trophic fractionations, which are predictable as slight enrichments (less than 1%for carbon and 2–4% for nitrogen) of heavier isotopes between them [25,28,29,30]. Consequently, this method provides the time-integrated information of nutritional sources assimilated by the consumers and thus trace trophic pathways from basal resources to higher trophic levels. Furthermore, some studies have successfully demonstrated the trophic recovery of consumer species after the restoration of coastal ecosystems by comparing stable isotope ratios between man-made and natural (or damaged) habitats [18,19,23,31].



In recent decades, the decline or loss of macroalgal beds has become increasingly apparent on the rocky coastlines of the Korean peninsula. In response, the deployment of AMRs on Korean coasts to mitigate the massive losses of macroalgal habitats is being increasingly used. Restoration projects from the Korea Fisheries Resource Agency in South Korea have focused on the seedling transplantation of the kelp species Eisenia bicyclis, Ecklonia cava, Ecklonia stolonifera, and Sargassum to AMRs with sea urchin control on barren grounds [12,32]. In the present study, we analyzed the carbon and nitrogen stable isotope ratios of macroinvertebrate consumers and organic matter sources in a restored kelp community (a canopy-forming species, E. bicyclis) using transplants on artificial reefs off the eastern coast of the Korean peninsula and compared the isotope signatures with those in a nearby natural counterpart and a barren ground community. Our hypothesis is that carbon and nitrogen stable isotope ratios of macrobenthic consumers in the newly created E. bicyclis habitat would be similar to those in the natural counterpart when the kelp species was successfully restored with the colonization of the macrobenthic community. Our objective was to assess the restoration success of a restored kelp forest created by the installation of AMRs using a trophic assessment of organic matter pathways and the macrobenthic food web structure of artificial and reference habitats.




2. Material and Methods


2.1. Study Sites


Our study sites of artificial (a) and natural (b) kelp beds and barren ground (c) were located at the shallow zone in Changpohang, Yeongdeok-gun, Gyeongsangbuk-do Province, off the eastern coast of Korea (Figure 1). The deployment of AMRs attached with the canopy-forming kelp E. bicyclis was conducted at depths ranging from 8 to 10 m on a subtidal rocky bottom in 2010. A set of AMRs was made by arch-type concrete reefs, with a basal breadth of 3.2 m, a length of 2.4 m, and a height of 2.0 m. Holdfasts of E. bicyclis were attached on the blocks of the concrete reefs and installed to the appropriate depth. The natural kelp bed and barren ground site, which were about 100 m and 1 km from the deployment area of AMRs at a depth of 5–6 m and 9–10 m, respectively, were selected for comparison. The artificial and natural kelp beds and barren ground were separated from each other by a sandy substratum.




2.2. Sample Collection and Treatment


The sample collection of macroalgae, organic matter, and macrobenthic invertebrates was carried out during June 2022 at the artificial and natural E. bicyclis beds and the barren ground site. Macroalgae and macrobenthic consumers were sampled by scuba divers, who scrapped substrata attached on the AMRs with a steel knife within a 25 × 25 cm quadrat. All macroalgae and animals were then sieved onto a 1-mm mesh net and washed with seawater to sort the samples, which were preserved in an ice-box and transported to the laboratory. Macroalgae were scraped with a razor blade to remove epibionts and were then rinsed with filtered seawater. Macrobenthic invertebrates were sorted using a forceps under a stereo microscope, identified to the species level, and kept alive overnight in filtered seawater to evacuate the gut contents. Only the muscle tissue of most macrofauna was dissected by a razor blade, and the whole body of amphipods and polychaetes were prepared for stable isotope analysis. All samples of macroalgae and animals were dried in a drying oven at 60 °C for 72 h, ground to a fine powder with a ball mill (Retsch MM200 Mixer Mill), and then stored in a vacuum desiccator to avoid contamination until isotope analyses.



Approximately 20 L of seawater for collecting the suspended particulate organic matter (SPOM) was gathered at each site, pre-filtered with a 200-µm net to remove any zooplankton and large particles, transported to the laboratory, and then filtered onto pre-combusted (450 °C for 4 h) Whatman GF/F glass fiber filters. Small-sized rocks and leaves of E. bicyclis at the artificial and natural beds were collected by scuba divers, and epilithic microalgae were collected in the laboratory by gentle brushing and rinsing with filtered seawater. Samples were pre-filtered through a 100-µm sieve to remove large particles and epifauna and then filtered again on pre-combusted Whatman GF/F glass fiber filters. All of the treated filter samples were dried in a drying oven at 50 °C for 48 h and then stored in a vacuum desiccator until stable isotope analysis.




2.3. Stable Isotope Analysis


For stable isotope analysis, the powdered and filtered samples were packed into tin capsules and a tin disk, respectively. All wrapped samples were introduced into the elemental analyzer (Vario MICRO Cube elemental analyzer; Elementar Analysensysteme, Hanau, Germany) to oxidize at a high temperature (1030 °C), and the resultant CO2 and N2 gases were then analyzed using a linked continuous flow isotope ratio-mass spectrometer (CF-IRMS; IsoPrime100; Cheadle Hulme, UK). Stable isotope data were expressed as the relative difference between isotopic ratios of the sample and conventional standard reference gases of Vienna Pee Dee Belemnite for carbon and atmospheric N2 for nitrogen. The Delta (δ) notation was used to express the relative differences according to the following equation: δX (‰) = [(Rsample/Rstandard) − 1] × 1000, where X is 13C or 15N and R values are the 13C/12C or 15N/14N ratios. The international standards of sucrose (ANU C12H22O11; NIST, Gaithersburg, MD, USA) and ammonium sulfate ([NH4]2SO4; NIST) were used as the reference materials for checking data calibrations. The analytical reproducibility for 20 replicates of acetanilide was less than 0.14% and 0.23% for δ13C and δ15N, respectively.




2.4. Data Analyses


All statistical analyses were carried out after analyzing the normality and homogeneity of variance tests using the Shapiro–Wilk procedure and Levene’s test, respectively. Analyses of all isotope data were performed using commercially available software packages of IBM SPSS Statistics version 21.0 (IBM Corp., Armonk, NY, USA) and PRIMER version 6 combined with PERMANOVA + PRIMER add-on [33]. Significant differences in the δ13C and δ15N values of organic matter sources (SPOM, epilithic microalgae, and macroalgae) and functional feeding groups (herbivores, suspension feeders, deposit feeders, omnivores, and carnivores) among artificial, natural, and barren sites were tested using a permutational multivariate analysis of variance (PERMANOVA). A one-way ANOVA was used to test for significant differences in the δ13C and δ15N values of each sample among the sites, and then Tukey’s honest significant difference (HSD) post hoc test was applied to the variables.



To assess the effects of AMRs on resource use by macrobenthic consumers and trophic structure, the isotopic niche areas (%2) occupied by each feeding group were compared among artificial, natural, and barren sites using the package Stable Isotope Bayesian Ellipses in R (SIBER; [34]). The isotopic niche indices were estimated using a convex hull-shaped total area (TA) as the volume of the δ13C and δ15N space encompassing all isotopic data points and the community overlap based on standard ellipse areas corrected (SEAc) for small sample sizes [34,35]. The overlap proportion of isotopic niches for each feeding group among the three sampling sites was calculated by the ratio of the overlap areas between the two SEAc and its own SEAc using the “MaxLikOverlap” function [36].





3. Results


3.1. Carbon and Nitrogen Isotope Ratios of Organic Matter Sources


The δ13C and δ15N values of organic matter sources (macroalgae, epilithic microalgae, and SPOM) showed very similar distributions at the artificial and natural sites, ranging from −20.9 ± 0.8‰ (SPOM at the natural site) to −15.9 ± 0.7‰ (E. bicyclis at the artificial site), and from 5.5 ± 0.4‰ (SPOM at the natural site) to 7.4 ± 0.4‰ (G. elliptica at the artificial site), respectively (Table 1). There were no significant differences in δ13C and δ15N of epilithic microalgae and SPOM between the artificial and natural sites (PERMANOVA, p > 0.642 for both cases). Similarly, the three macroalgae of E. bicyclis, G. elegans, and G. elliptica did not differ significantly between the two sites (PERMANOVA, p > 0.510 for all cases). However, δ13C and δ15N of SPOM differed significantly among the artificial, natural, and barren sites (PERMANOVA, pseudo-F2, 14 = 7.83, p = 0.003). No significant difference in δ13C of SPOM was observed among the three sites (Tukey’s HSD test, p = 0.492), whereas δ15N was relatively lower at the barren site compared to that at other sites (Tukey’s HSD test, p < 0.01).




3.2. Carbon and Nitrogen Isotope Ratios of Macrobenthic Consumers


A total of 30, 23, and 17 macrobenthic consumers were collected for stable isotope analyses at the artificial, natural, and barren sites, respectively. The overall mean δ13C and δ15N distributions of consumer species were similar at the three sites, ranging from −22.0 ± 0.8% (Boltenia echinata at the barren site) to −10.2 ± 0.4% (Ophiarachnella gorgonia at the artificial site) and from 5.0 ± 0.3% (Crepidula onyx at the barren site) to 11.4 ± 0.4% (Neptunea cumingii at the artificial site), respectively (Table 2; Figure 2). A PERMANOVA test showed that except for the carnivore group (pseudo-F1, 21 = 5.87, p = 0.020), δ13C and δ15N of herbivores (pseudo-F1, 21 = 1.44, p = 0.266), suspension feeders (pseudo-F1, 50 = 1.64, p = 0.224), deposit feeders (pseudo-F1, 19 = 1.94, p = 0.153), and omnivores (pseudo-F1, 24 = 0.35, p = 0.636) did not differ significantly between the artificial and natural sites. However, the macrobenthic consumers exhibited significant differences in isotopic ratios for all feeding groups (suspension feeders, pseudo-F2, 75 = 6.45, p = 0.002; omnivores, pseudo-F2, 33 = 2.84, p = 0.046; carnivores, pseudo-F2, 27 = 5.12, p = 0.010), except for the herbivore group (pseudo-F2, 66 = 1.12, p = 0.376), among the artificial, natural, and barren sites.




3.3. Isotopic Niche Indices of Macrobenthic Consumers


The isotopic niche indices of TA and SEAc for the herbivore group exhibited very similar areas between the artificial (20.69 and 8.27, respectively) and natural (22.24 and 8.97, respectively) sites (Table 3). However, the TA and SEAc values for all the other groups were relatively wider in the artificial site (from 3.67 and 1.72 for carnivores to 21.55 and 15.61 for omnivores, respectively) compared to those in the natural site (from 1.50 and 1.10 for carnivores to 9.29 and 4.78 for suspension feeders, respectively). In contrast, the TA and SEAc values of all feeding groups in the barren site (from 1.13 and 1.10 for carnivores to 7.85 and 3.03 for suspension feeders, respectively) exhibited narrower ranges than those in the artificial and natural sites. The isotopic niches for the two groups of herbivores (70%) and suspension feeders (64%) considerably overlapped between the artificial and natural sites, while those for deposit feeders (14%), omnivores (37%), and carnivores (13%) exhibited relatively low overlapping proportions between them (Table 3; Figure 3). In contrast, the isotopic overlap for all feeding groups between the artificial and barren sites or between the natural and barren sites showed relatively low values, ranging from 0% (omnivores between the natural and barren sites) to 54% (herbivores between the artificial and barren sites).





4. Discussion


The present study assessed the similarity of the trophic structure of benthic invertebrates between artificial reef and natural macroalgal habitats using isotopic niche metrics to assess the trophic recovery for a macrobenthic community in a restored kelp bed. Several studies on kelp forest restoration have focused on the colonization of benthic communities on AMRs during recovery using a quantitative comparison of multivariate community indices across artificial and natural habitats [11,16,37]. However, considering the effect of trophic cascades by kelp forests on energy flow, the trophic assessment of AMRs is a critical ecological indicator of ecosystem functioning. The introduction of artificial habitats may create a new community of plants and animals, which may alter the food web functioning of natural ecosystems in terms of energy flows [38]. Our results showed that the isotopic values and niches of trophic groups were very similar for herbivores and suspension feeders, but very different for deposit feeders, omnivores, and carnivores, between artificial and natural sites. Accordingly, isotopic signatures of macrobenthic consumers at the artificial and natural habitats highlight the trophic functioning and food web structure of AMRs, which is associated with the importance of macroalgal production as carbon sources and can provide insights to achieve the efficient management of restored kelp forests.



The restoration success of man-made ecosystems through the transplantation of primary producers (e.g., macroalgae and seagrass) generally involves the recovery of biological structure and ecological function in artificial habitats relative to natural habitats [11,39,40]. Specifically, in terms of the recovery of food web characteristics, ecological restoration emphasizes that transplanted plants in established artificial ecosystems can play important ecological roles in supporting trophic structure and pathways [23,41]. In our study, the δ13C and δ15N values of major organic matter sources (macroalgae, epilithic microalgae, and SPOM) did not differ between the artificial and natural sites, suggesting the isotopic similarity of basal resources supporting the food webs of restored and natural macroalgal habitats. The δ13C and δ15N values of the three carbon sources at both the artificial and natural sites were within the ranges in the eastern coastal waters of the Korean peninsula previously reported in several studies [23,42,43,44]. In addition, δ13C among the sources were reflective of the isotopic distinction of benthic (macroalgae and epilithic microalgae) and pelagic (SPOM) sources [18,25]. The transplanted kelps for habitat restoration act as foundational species, providing structural habitats for flora and fauna, controlling the quantity and quality of primary production and organic matter pools, and thereby directly or indirectly affecting the food web structure in a significant manner [45]. Because transplanted kelp, E. bicyclis, may alter the trophic function of other basal resources (epilithic microalgae and SPOM), the isotopic similarity of basal resources between the artificial and natural sites can be an important restoration assessment when recovery of an artificial kelp bed is relatively high compared to the ecological level of a natural bed.



In general, the isotopic signatures of consumer species vary considerably with functional feeding strategies rather than taxonomic groups and/or habitats; the same feeding type among consumers is likely to be reflected in isotopic similarities [46,47]. In our study, at both the artificial and natural sites, macrobenthic consumers exhibited similar isotopic ranges within feeding groups; suspension feeders and carnivores generally had the lowest δ13C and highest δ15N values, respectively. However, the overall δ13C value of consumers in the same feeding groups, except for the carnivorous group, showed wide ranges at both sites. The δ13C ranges of suspension feeders were almost consistent between the artificial and natural sites and exhibited a wide range, from −20.8 to −16.1 and from −20.6 to −16.8, respectively, with overlapping isotopic values of SPOM as a pelagic source. This likely reflects the fact that suspension feeders at both sites use other 13C-enriched organic matter sources (e.g., macroalgae and epilithic microalgae) and phytoplankton-derived organic matter or a mixture of sources. In addition, selective (bivalves and gastropods) and non-selective feeding (ascidians and sponges) mechanisms of suspension feeders can affect their broad isotopic range [23,46,48]. Similarly, the δ13C ranges for the groups of herbivores and deposit feeders were relatively wide compared to those of the macroalgae and epilithic microalgae as benthic sources, with the largest differences between their minimum and maximum mean values. These results suggest that consumers ultimately use more organic matter derived from diverse primary producers rather than the collected organic matter sources. Some studies have reported broad ranges of δ13C for macroalgae of diverse species in the eastern coasts of the Korean peninsula [23,24]. Therefore, such wide δ13C ranges of primary producers (suspension feeders, herbivores, and deposit feeders) at both the artificial and natural sites likely reflect their direct or indirect consumption of a variety of primary producers and/or their mixed organic matter, suggesting the similarity of the trophic structure between the restored and natural habitats associated with the trophic function of primary producers, in terms of carbon flow, within the natural macroalgal system.



Omnivores at the artificial and natural sites exhibited a relatively wide range of δ13C ranges among species (−17.7 to −12.5 and −21.3 to −10.2, respectively), suggesting a feeding plasticity that utilizes the most easily accessible nutritional sources across sites [18,49]. The omnivore groups comprising the taxonomic diversity of invertebrate species at both the sites are characterized by opportunistic feeders resulting in their wide range of δ13C values, suggesting the consumption of both benthic and pelagic prey items as nutritional sources. In contrast, carnivores at both artificial and natural sites showed relatively narrow isotopic ranges (−18.0 to −16.9 and −17.0 to −14.0 for δ13C; 9.3 to 10.5 and 9.9 to 11.4 for δ15N, respectively) compared to the other feeding groups. The carnivore groups at both the sites consist of gastropods and polychaetes, known as top predators on rocky reef communities [18,23,50]. Such isotopic ranges of carnivores indicate that they mainly fed on invertebrates linked to the benthic-derived organic matter (macroalgae and epilithic microalgae) rather than pelagic-derived organic matter. Moreover, the relatively low isotopic enrichments of carnivores compared to the primary consumer groups may be related to the trophic redundancy caused by the major consumption of similar prey items as the low trophic level consumers, and this phenomenon has been previously reported in kelp bed ecosystems [5,51,52].



The isotopic niche indices quantify the trophic diversity or redundancy of consumer species based on evaluating the degree of dietary niche overlap [35,53]. In our study, the isotopic characteristics exhibited by different functional feeding groups were similarly reflected by the isotopic niche indices estimated from the consumer’s isotope values. For the herbivore group, the high niche overlap (70%) with wide and similar TA and SEAc values of the artificial and natural sites clearly suggests similar diversified trophic pathways based on macroalgal production at the sites [54,55]. The degree of isotopic niche overlap exceeding 60% is generally considered to be indicative of high dietary similarity or overlap among consumer species [56]. Furthermore, the other feeding groups had relatively high niche indices at the artificial site compared to those at the natural site, suggesting that the deployment of AMRs can play critical ecological roles on the trophic structure as complex as those at the natural kelp bed [18,23].



Relatively narrow isotopic ranges and niche indices of all feeding groups at the barren site compared to those at the artificial and natural sites may be closely related to a simple trophic pathway caused by being free of macroalgae. Given the isotopic ranges of the feeding groups at the barren site, the trophic structure was likely established by the major contribution of pelagic sources (i.e., SPOM) for suspension feeders and benthic sources (i.e., epilithic microalgae) for herbivores to higher trophic levels. Some herbivores and suspension feeders at the barren site had relatively enriched-13C and -15N values, suggesting a high availability of macroalgal-derived organic matter as drifting algae to the nutrition of primary consumers, even on the barren ground [23,57]. Nevertheless, the food web similarity observed between the artificial and natural sites, as discussed above, indicated the trophic importance of macroalgal-derived organic matter as nutritional sources for macrobenthic consumers, resulting in increased trophic diversity by their wider isotopic niche indices in the artificial and natural kelp beds.



In conclusion, our results demonstrated the important ecological function of AMRs in terms of supporting the macrobenthic food web structure, as shown by the high level of trophic complexity due to the similarity between resource diversity and resource use by consumers in the natural kelp bed. Our isotopic data showed the very similar, or relatively high, trophic niches of feeding groups at the artificial site compared to those at the natural site, indicating that the artificial kelp bed created by the development of AMRs can exhibit similar ecological functions and services as a natural counterpart. In addition, the present study revealed that the isotopic ranges and niche indices of the feeding groups were wider at the artificial and natural kelp beds than those at the barren site, suggesting the trophic importance of macroalgal-derived organic matter to consumer nutrition in coastal ecosystems. Although we did not compare the succession processes of the macroinvertebrate community during recovery after the development of AMRs, our results support the conclusion that the creation of an Eisenia bicyclis kelp bed by the AMRs may result in the restoration success of a macroalgal habitat through the recovery of an ecological function of the natural food web structure [45,58,59]. Further studies on the succession of epibenthic community composition by regular post-restoration monitoring, in addition to considering the ecological structure and function in natural macroalgal ecosystems, are needed to better understand habitat restoration for successful coastal management.
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Figure 1. Location of sampling sites (Changpori) off the eastern coast of Korea. Detailed locations and views of artificial (A) and natural (B) kelp, Eisenia bicyclis, beds, and barren ground (control). Schematic of the artificial macroalgal reef (C, AMR). 
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Figure 2. Dual isotope plots of δ13C and δ15N values of consumers (green circles, herbivores; red circles, suspension feeders; yellow circles, deposit feeders; blue circles, omnivores; pink circles, carnivores) at the artificial (A) and natural (B) kelp (Eisenia bicyclis) beds and barren ground (C) site. Values of the organic matter sources are illustrated with black squares: E. bicyclis, Eisenia bicyclis; G. elegans, Gelidium elegans; G. elliptica, Grateloupia elliptica; Em, ephilithic microalgae; SPOM, suspended particulate organic matter. Values are means (%) ± 1 SD. 






Figure 2. Dual isotope plots of δ13C and δ15N values of consumers (green circles, herbivores; red circles, suspension feeders; yellow circles, deposit feeders; blue circles, omnivores; pink circles, carnivores) at the artificial (A) and natural (B) kelp (Eisenia bicyclis) beds and barren ground (C) site. Values of the organic matter sources are illustrated with black squares: E. bicyclis, Eisenia bicyclis; G. elegans, Gelidium elegans; G. elliptica, Grateloupia elliptica; Em, ephilithic microalgae; SPOM, suspended particulate organic matter. Values are means (%) ± 1 SD.



[image: Water 15 01099 g002]







[image: Water 15 01099 g003 550] 





Figure 3. Isotopic niche areas of each feeding group (A, herbivores; B, suspension feeders; C, deposit feeders; D, omnivores; E, carnivores) estimated as the total area (TA, dotted lines) and standard ellipse area (SEAc, solid lines) at the artificial (red lines) and natural (green lines) kelp (Eisenia bicyclis) beds and barren ground (black lines) site using the Stable Isotope Bayesian Ellipse in R (SIBER) procedure. 
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Table 1. δ13C and δ15N values of organic matter sources (Eisenia bicyclis; Gelidium elegans; Grateloupia elliptica; Epilithic microalgae; SPOM, suspended particulate organic matter) at the artificial and natural kelp (E. bicyclis) beds and barren ground site. PERMANOVA test of δ13C and δ15N values for each organic matter source between the two sites or among the three sites (significance at p < 0.05). Data represent means ± 1 SD.
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Organic Matter Source

	
Artificial Macroalgal Bed

	
Natural Macroalgal Bed

	
Barren Ground Site

	
PERMANOVA




	

	
δ13C

	

	
δ15N

	

	

	
δ13C

	

	
δ15N

	

	

	
δ13C

	

	
δ15N

	




	

	
n

	
Mean

	
SD

	
Mean

	
SD

	
n

	
Mean

	
SD

	
Mean

	
SD

	
n

	
Mean

	
SD

	
Mean

	
SD

	
Pseudo-F

	
p-Value






	
Eisenia bicyclis

	
5

	
−15.9

	
0.7

	
5.9

	
0.5

	
5

	
−16.2

	
0.5

	
5.6

	
0.3

	

	

	

	

	

	
0.16

	
0.770




	
Gelidium elegans

	
4

	
−18.3

	
0.4

	
6.3

	
0.4

	
4

	
−18.6

	
0.3

	
6.2

	
0.3

	

	

	

	

	

	
0.49

	
0.654




	
Grateloupia elliptica

	
4

	
−17.4

	
0.7

	
7.4

	
0.4

	
4

	
−17.7

	
0.3

	
7.2

	
0.3

	

	

	

	

	

	
0.73

	
0.510




	
Epilithic microalgae

	
4

	
−16.3

	
0.4

	
6.7

	
0.5

	
4

	
−16.6

	
0.5

	
6.4

	
0.4

	

	

	

	

	

	
0.47

	
0.642




	
SPOM

	
5

	
−20.7

	
0.5

	
5.7

	
0.5

	
5

	
−20.9

	
0.8

	
5.5

	
0.4

	
5

	
−21.2

	
0.6

	
4.4

	
0.4

	
7.83

	
0.003
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Table 2. δ13C and δ15N values of macroinvertebrate consumers (herbivore, suspension feeder, deposit feeder, omnivore, and carnivore) collected at the artificial and natural kelp (Eisenia bicyclis) beds and barren ground site. The taxon abbreviations are as follows: Biv, Bivalvia; Bry, Bryozoa; Cho, Chordata; Cni, Cnidaria; Cru, Crustacea; Ech, Echinodermata; Pol, Polychaeta; Ppl, Polyplacophora; Sip, Sipunculida. Data represent means ± 1 SD.






Table 2. δ13C and δ15N values of macroinvertebrate consumers (herbivore, suspension feeder, deposit feeder, omnivore, and carnivore) collected at the artificial and natural kelp (Eisenia bicyclis) beds and barren ground site. The taxon abbreviations are as follows: Biv, Bivalvia; Bry, Bryozoa; Cho, Chordata; Cni, Cnidaria; Cru, Crustacea; Ech, Echinodermata; Pol, Polychaeta; Ppl, Polyplacophora; Sip, Sipunculida. Data represent means ± 1 SD.





	
No.

	
Species Name

	
Taxon

	
Artificial Macroalgal Bed

	
Natural Macroalgal Bed

	
Barren Ground




	
n

	
δ13C

	

	
δ15N

	

	
n

	
δ13C

	

	
δ15N

	

	
n

	
δ13C

	

	
δ15N

	






	

	
Herbivore

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
1

	
Acmaea pallida

	
Gas

	
4

	
−16.6

	
0.6

	
9.1

	
0.3

	
3

	
−17.4

	
0.3

	
9.4

	
0.3

	
3

	
−15.6

	
0.6

	
7.4

	
0.5




	
2

	
Aplysia kurodai

	
Gas

	
3

	
−15.4

	
0.3

	
6.3

	
0.5

	

	

	

	

	

	

	

	

	

	




	
3

	
Cantharidus jessoensis

	
Gas

	
3

	
−15.7

	
0.6

	
7.8

	
0.6

	
3

	
−17.8

	
0.1

	
8.1

	
0.1

	

	

	

	

	




	
4

	
Chlorostoma turbinata

	
Gas

	
3

	
−15.3

	
0.7

	
8.3

	
0.5

	
3

	
−17.3

	
0.6

	
8.7

	
0.4

	
3

	
−15.8

	
0.5

	
7.9

	
0.4




	
5

	
Kelletia lischkei

	
Gas

	
3

	
−15.6

	
0.4

	
10.6

	
0.4

	

	

	

	

	

	

	

	

	

	




	
6

	
Nipponacmea radula

	
Gas

	

	

	

	

	

	

	
−12.3

	
0.3

	
8.0

	
0.6

	

	

	

	

	




	
7

	
Strongylocentrotus nudus

	
Ech

	
3

	
−16.6

	
0.7

	
6.4

	
0.5

	
3

	
−12.8

	
0.4

	
6.3

	
0.4

	
3

	
−17.5

	
0.4

	
6.4

	
0.1




	
8

	
Tristichotrochus crossleyae

	
Gas

	

	

	

	

	

	
3

	
−18.0

	
0.4

	
8.7

	
0.3

	

	

	

	

	




	
9

	
Tristichotrochus unicus

	
Gas

	
4

	
−18.3

	
0.5

	
9.1

	
0.4

	
3

	
−18.3

	
0.5

	
9.0

	
0.3

	
3

	
−18.8

	
0.5

	
8.2

	
0.5




	
10

	
Turbo cornutus

	
Gas

	
3

	
−20.0

	
0.7

	
5.9

	
0.4

	
4

	
−19.8

	
0.3

	
6.8

	
0.4

	
4

	
−17.4

	
0.6

	
7.1

	
0.3




	

	
Suspension feeder

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
11

	
Anthopleura sp.

	
Cni

	
3

	
−17.8

	
0.6

	
8.2

	
0.5

	

	

	

	

	

	

	

	

	

	




	
12

	
Boltenia echinata

	
Cho

	

	

	

	

	

	

	

	

	

	

	
4

	
−22.0

	
0.4

	
6.4

	
0.4




	
13

	
Bostrycapulus gravispinosus

	
Gas

	
3

	
−17.4

	
0.4

	
5.3

	
0.4

	

	

	

	

	

	

	

	

	

	




	
14

	
Cardita leana

	
Biv

	

	

	

	

	

	

	
−18.1

	
0.4

	
8.4

	
0.2

	

	

	

	

	




	
15

	
Chelyosoma dofleini

	
Cho

	
4

	
−20.8

	
0.5

	
7.1

	
0.7

	

	

	

	

	

	

	

	

	

	




	
16

	
Crassostrea nipponica

	
Biv

	

	

	

	

	

	

	

	

	

	

	
3

	
−19.8

	
0.4

	
6.3

	
0.3




	
17

	
Crepidula onyx

	
Gas

	
4

	
−18.0

	
0.6

	
6.1

	
0.3

	
4

	
−17.5

	
0.5

	
6.0

	
0.3

	
4

	
−20.2

	
0.7

	
5.0

	
0.3




	
18

	
Flustrellidra akkeshiensis

	
Bry

	
3

	
−20.5

	
0.5

	
5.1

	
0.3

	

	

	

	

	

	

	

	

	

	




	
19

	
Halocynthia roretzi

	
Cho

	
3

	
−20.6

	
0.7

	
7.8

	
0.3

	

	

	

	

	

	
4

	
−21.1

	
0.5

	
6.4

	
0.4




	
20

	
Hydroides ezoensis

	
Pol

	
3

	
−20.5

	
0.7

	
8.1

	
0.6

	
3

	
−20.0

	
0.3

	
6.6

	
0.3

	
3

	
−20.4

	
0.5

	
6.8

	
0.3




	
21

	
Leiosolenus lischkei

	
Biv

	

	

	

	

	

	

	
−18.4

	
0.3

	
6.8

	
0.3

	

	

	

	

	




	
22

	
Modiolus agripetus lredale

	
Biv

	
3

	
−19.9

	
0.4

	
5.2

	
0.4

	

	

	

	

	

	

	

	

	

	




	
23

	
Phascolosoma scolops

	
Sip

	
3

	
−16.1

	
0.2

	
9.2

	
0.4

	
3

	
−16.8

	
0.5

	
8.9

	
0.2

	
3

	
−17.9

	
0.4

	
7.2

	
0.4




	
24

	
Styela clava

	
Cho

	
3

	
−20.6

	
0.6

	
7.5

	
0.3

	
3

	
−20.6

	
0.6

	
6.8

	
0.4

	
4

	
−21.2

	
0.3

	
6.7

	
0.6




	

	
Deposit feeder

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
25

	
Ampithoe lacertosa

	
Cru

	
4

	
−16.8

	
0.5

	
5.8

	
0.5

	

	

	

	

	

	

	

	

	

	




	
26

	
Holotelson tuberculatus

	
Cru

	
3

	
−21.3

	
0.4

	
8.1

	
0.3

	

	

	

	

	

	

	

	

	

	




	
27

	
Pagurus proximus

	
Cru

	
3

	
−14.2

	
0.4

	
7.2

	
0.5

	

	

	

	

	

	

	

	

	

	




	
28

	
Pagurus sp.

	
Cru

	

	

	

	

	

	
3

	
−12.4

	
0.3

	
7.1

	
0.4

	

	

	

	

	




	
29

	
Perampithoe sp.

	
Cru

	

	

	

	

	

	
4

	
−17.0

	
0.3

	
5.0

	
0.3

	

	

	

	

	




	
30

	
Pilumnus minutus

	
Cru

	
3

	
−11.9

	
0.4

	
8.2

	
0.5

	

	

	

	

	

	

	

	

	

	




	

	
Omnivore

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
31

	
Acanthochitona achates

	
Ppl

	
4

	
−21.3

	
0.4

	
6.7

	
0.5

	

	

	

	

	

	

	

	

	

	




	
32

	
Asterias amurens

	
Ech

	

	

	

	

	

	
3

	
−13.7

	
0.4

	
7.6

	
0.4

	
3

	
−15.0

	
0.3

	
7.3

	
0.5




	
33

	
Asterina pectinifera

	
Ech

	
3

	
−12.5

	
0.4

	
8.3

	
0.7

	
3

	
−12.5

	
0.3

	
8.7

	
0.5

	
3

	
−13.1

	
0.3

	
6.8

	
0.6




	
34

	
Halosydna brevisetosa

	
Pol

	

	

	

	

	

	
3

	
−17.7

	
0.3

	
9.1

	
0.4

	

	

	

	

	




	
35

	
Henricia leviuscula

	
Ech

	

	

	

	

	

	

	

	

	

	

	
3

	
−12.9

	
0.3

	
6.8

	
0.4




	
36

	
Ophiarachnella gorgonia

	
Ech

	
3

	
−10.2

	
0.4

	
8.6

	
0.4

	

	

	

	

	

	

	

	

	

	




	
37

	
Platynereis bicanaliculata

	
Pol

	
3

	
−18.1

	
0.4

	
9.3

	
0.2

	
3

	
−17.0

	
0.4

	
9.4

	
0.4

	

	

	

	

	




	

	
Carnivore

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
38

	
Leodice antennata

	
Pol

	
3

	
−17.0

	
0.3

	
10.0

	
0.2

	

	

	

	

	

	

	

	

	

	




	
39

	
Lysidice collaris

	
Pol

	

	

	

	

	

	
3

	
−16.9

	
0.2

	
9.3

	
0.3

	

	

	

	

	




	
40

	
Mitrella bicincta

	
Gas

	
3

	
−16.1

	
0.3

	
9.9

	
0.2

	
3

	
−18.0

	
0.4

	
10.0

	
0.1

	
3

	
−16.4

	
0.3

	
9.3

	
0.4




	
41

	
Neptunea cumingii

	
Gas

	
3

	
−14.0

	
0.4

	
11.4

	
0.4

	

	

	

	

	

	

	

	

	

	




	
42

	
Reishia bronni

	
Gas

	
4

	
−16.6

	
0.8

	
10.1

	
0.5

	
4

	
−17.3

	
0.4

	
10.5

	
0.3

	
3

	
−17.3

	
0.3

	
9.6

	
0.6
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Table 3. δ13C and δ15N values of functional feeding groups (herbivore, suspension feeder, deposit feeder, omnivore, and carnivore) at the artificial and natural kelp (Eisenia bicyclis) beds and barren ground site. PERMANOVA test of δ13C and δ15N values for each feeding guild between the two sites or among the three sites (significance at p < 0.05). Data represent means ± 1 SD. Isotopic niche areas of each feeding group are estimated as the total area (TA) and standard ellipse area (SEAc) and isotopic niche overlaps (percentage, %) between the two sites (A/N, artificial and natural beds; A/B, artificial bed and barren ground site; N/B, natural bed and barren ground site) using the Stable Isotope Bayesian Ellipse in the R (SIBER) procedure.
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Feeding Group

	
Artificial Macroalgal Bed

	
Natural Macroalgal Bed

	
Barren Ground Site

	
PERMANOVA




	

	
δ13C

	

	
δ15N

	

	

	
δ13C

	

	
δ15N

	

	

	
δ13C

	

	
δ15N

	




	

	
n

	
Mean

	
SD

	
Mean

	
SD

	
n

	
Mean

	
SD

	
Mean

	
SD

	
n

	
Mean

	
SD

	
Mean

	
SD

	
Pseudo-F

	
p-Value






	
Herbivore

	
26

	
−16.7

	
1.6

	
8.0

	
1.6

	
25

	
−16.8

	
2.6

	
8.1

	
1.1

	
16

	
−17.1

	
1.3

	
7.4

	
0.7

	
1.12

	
0.376




	
Suspension feeder

	
32

	
−19.2

	
1.7

	
6.9

	
1.4

	
19

	
−18.5

	
1.4

	
7.2

	
1.1

	
25

	
−20.5

	
1.3

	
6.4

	
0.7

	
6.45

	
0.002




	
Deposit feeder

	
13

	
−16.1

	
3.5

	
7.2

	
1.1

	
7

	
−15.0

	
2.5

	
5.9

	
1.2

	

	

	

	

	

	
1.94

	
0.153




	
Omnivore

	
13

	
−15.9

	
4.7

	
8.1

	
1.1

	
12

	
−15.3

	
2.3

	
8.7

	
0.8

	
9

	
−13.7

	
1.0

	
7.0

	
0.5

	
2.84

	
0.046




	
Carnivore

	
13

	
−16.0

	
1.3

	
10.3

	
0.7

	
9

	
−17.4

	
0.6

	
9.9

	
0.5

	
6

	
−16.9

	
0.6

	
9.4

	
0.5

	
5.12

	
0.010




	
Isotopic niche areas

	
Artificial macroalgal bed

	
Natural macroalgal bed

	
Percentage overlap (%)

	




	

	
TA

	

	
SEAc

	

	

	
TA

	

	
SEAc

	

	

	
TA

	

	
SEAc

	

	
A/N

	
A/B

	
N/B




	
Herbivore

	

	
20.69

	

	
8.27

	

	

	
22.24

	

	
8.97

	

	

	
6.14

	

	
3.09

	

	
70

	
54

	
39




	
Suspension feeder

	

	
19.23

	

	
7.71

	

	

	
9.29

	

	
4.78

	

	

	
7.85

	

	
3.03

	

	
64

	
36

	
13




	
Deposit feeder

	

	
19.11

	

	
13.60

	

	

	
4.82

	

	
4.04

	

	

	

	

	

	

	
14

	

	




	
Omnivore

	

	
21.55

	

	
15.61

	

	

	
8.17

	

	
4.93

	

	

	
2.16

	

	
1.56

	

	
37

	
2

	
0




	
Carnivore

	

	
3.67

	

	
1.72

	

	

	
1.50

	

	
1.00

	

	

	
1.13

	

	
1.10

	

	
13

	
18

	
30
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