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Potential impacts of marine
urbanization on benthic
macrofaunal diversity

Kyosuke Momota®%2"? & Shinya Hosokawa 2

Urbanization and associated human activities have caused numerous changes to natural
environments, including the loss of natural habitats and replacement with artificial structures. How
these changes impact coastal marine biodiversity and ecosystem functioning is not well known. In this
study, we examined the potential impacts of habitat changes by comparing species commonality and
community structure (i.e., species richness, abundance, and functional composition) among artificial
(a breakwater wall) and natural habitats (eelgrass bed, intertidal flat, and subtidal bottom) within a
semi-enclosed coastal sea impacted by marine urbanization. We found considerable species overlap
(i.e., high species sharing) among the eelgrass bed, intertidal flat, and subtidal bottom habitats. By
contrast, the breakwater wall was a distinctive habitat with little overlap in species and functional
groups with the other habitats, and was therefore a poor substitute for natural habitats. Our study
suggests that marine urbanization degrades redundancy and inhibits the maintenance of biodiversity
in coastal marine zones.

Urbanization entails dramatic environmental change and the expansion of artificial structures; this degrades
biodiversity and ecosystem functioning (e.g., energy flow and nutrient cycles) by causing habitat loss, fragmenta-
tion, and homogenization'—>. Further urbanization in the future is inevitable given continued population growth
and the proliferation of countermeasures against disasters associated with climate change*-°. In addition to the
terrestrial realm, artificial structures are also expanding in prevalence in coastal marine zones (a process termed
“marine urbanization”)>”®. Therefore, the impacts of marine urbanization and global population growth in
coastal zones are matters of increasing concern®’.

In coastal marine ecosystems, benthic macrofaunal communities are mainly composed of small invertebrates
(e.g., crustaceans, polychaete worms, and molluscs), which are dominant mediators of material and energy
flow!®!!. Functional traits are one important factor in determining the distributions of these species, alongside
other factors such as resource availability and habitat suitability'*"'%. For example, feeding traits (e.g., carnivory,
detritivory, or filter feeding) can determine species distributions (in combination with resource availability) and
shape their role as mediators. Also, life-form traits (e.g., free living, sedentary, or tube building) can be important
depending on the available habitat characteristics. Therefore, habitat changes caused by marine urbanization can
have varying effects on species distributions and community compositions depending on the functional traits
of the species present. In turn, any resulting changes in functional group composition can further change the
balance of ecosystem functions. While many benthic species inhabit marine artificial structures, their natural
habitats, such as eelgrass beds and tidal flats, are important conservation targets that are currently under threat
from various human activities (including marine urbanization) in many parts of the world'>!®. Consequently,
the impacts of marine urbanization on benthic macroinvertebrate communities cannot be ignored.

Like terrestrial urbanization, marine urbanization can cause major problems including habitat loss due to
environmental alteration, as well as the replacement of natural habitats (e.g., seagrass beds, tidal flats, and
rocky shores) with artificial structures (e.g., seawalls, piers, and pontoons). These changes can degrade eco-
system functioning by causing the replacement or loss of important taxa and/or functional diversity in marine
environments'’"". The distinctive characteristics of artificial structures are of particular concern. First, artificial
structures act as physical and environmental barriers to species and resources®. Second, these structures can
facilitate the colonization of specific species (e.g., early-colonizing, opportunistic, and non-indigenous species)
and thus support distinctive biological communities with low biodiversity*”?!-*%. Overall, in terms of species
sharing, artificial structures are unlikely to establish redundant relationships with natural habitats, making them
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Figure 1. Locations of sampling sites in Matsunaga Bay, Hiroshima, Japan. This map was created based on
coordinate data from Google (http://www.gis-tool.com/mapview/maptocoordinates.html). The four habitats
examined in this study are indicated by BW (breakwater wall; grey circle), EB (eelgrass bed; grey circle), IF
(intertidal flat; grey rectangle), and SB (subtidal bottom; grey polygon).

poor substitutes for natural habitats. Therefore, the replacement of natural habitats with artificial structures is
likely to affect the biodiversity and functioning of coastal marine systems'>*. However, despite the accumula-
tion of research on species distribution and biodiversity, studies focusing on functional diversity and ecosystem
functioning remain scarce®.

In this study, we investigated potential habitat relationships (i.e., redundancy and uniqueness) by surveying
the taxa and functional groups of benthic macrofaunal species present on four different habitat types (breakwater
wall, eelgrass [Zostera marina] bed, intertidal flat, and subtidal bottom) in a semi-enclosed coastal sea affected
by marine urbanization. Based on our research results, we discuss the expected impacts of marine urbanization
on biodiversity. We surveyed community structures in periods of high (summer) and low (winter) productivity.
Benthic macrofaunal communities vary seasonally in vegetated habitats such as seagrass beds*”?. Therefore, we
conducted our observations during these stable seasonal extremes to reveal the range of relationships between
vegetated and unvegetated habitats.

Methods

Study area. We established field survey sites in four different habitat types (BW: breakwater wall; EB: eel-
grass bed; IF: intertidal flat; SB: subtidal bottom) within Matsunaga Bay, located in the eastern Seto Inland Sea,
Japan (Fig. 1). Matsunaga Bay is a small semi-closed bay with an area of approximately 12 km?. It is connected
with other water bodies through the Tozaki-Seto Strait (width: approx. 400 m) and the Onomichi Strait (width:
approx. 200 m)**°. Water depths are mostly less than 20 m throughout the bay. The water depths at our four
survey sites were approximately 4.5 m, but part of site SB located near a shipping channel reached depths of
10-13 m. Intertidal flats cover 35% (4.3 km?) of the bay area, whereas eelgrass beds cover 1.7% (0.2 km?)*!. The
bottom sediment type is mainly muddy throughout the bay, although some parts of EB and SB have sandy and
muddy bottoms (see Supplementary Table S1)*.

Although human activities along the coast of Matsunaga Bay appear to be associated with artificial structures
(e.g., industrial plants, marinas, and lumber yards), natural habitats are still relatively well-preserved compared
to areas in the eastern Seto Inland Sea®. The total population of towns within 5 km of the coastline of the bay
can be expected to exceed 100,000 people, which ranks within the top 20% of administrative districts in Japan,
including prefectures, towns, villages, and the 23 wards of Tokyo?.

Data collection. We conducted one field survey in September 2016 (summer) and another in January 2017
(winter) to collect data on benthic community structures and environmental conditions in each habitat. We
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established five sampling sites within each habitat to obtain replicated samples. To reduce biases due to tidal
cycle, we performed all field sampling and measurements at high tide, when all habitats were underwater.

We used a standard sample area (approximately 0.15 m? per sample) at each sampling site irrespective of
sampling method to obtain comparable data on benthic communities. Some of our sampling methods involved
Smith-McIntyre grab samplers and quadrats that could not cover the standard sample area in a single sample;
for these methods, we combined the data from three samples to make up a single sampling site. At BW, benthic
macrofauna (hereafter referred to as “benthos”) samples were collected by SCUBA divers. We established 15
sampling positions in a 5% 3 grid (i.e., five depths [sampling sites] and three replicates) based on distance from
the seafloor at the breakwater wall (Supplementary Fig. S1). The SCUBA divers used scraper blades, 0.1-mm
mesh bags, and 22.5 cm X 22.5 cm quadrats because the benthic communities were mainly composed of ses-
sile organisms. At EB, we employed different sampling methods for the above- and belowground components.
SCUBA divers collected aboveground samples of eelgrass-associated benthos and eelgrass shoots using a mesh
bag (mesh size: 0.1 mm; bag diameter: 45 cm). They then cut away the eelgrass shoots near each aboveground site
and collected belowground samples of the benthos on top of and within the sediment by using the bucket part of
a Smith-MclIntyre grab sampler (sampling area: 22.5 cm x 22.5 cm). At IF and SB, benthos and bottom sediment
samples were collected from a ship using a Smith—-McIntyre grab sampler (sampling area: 22.5 cm x 22.5 cm).

All benthos was extracted using a 1-mm sieve and preserved in buffered 10% formalin in the field as soon as
possible after sampling. The samples were identified to the lowest possible taxonomic unit and counted in the
laboratory. After identification, we organized the dominant benthic species (or taxa) according to their primary
feeding types and common life forms with reference to the World Register of Marine Species (http://www.marin
especies.org/) and the literature. No vertebrate species were targeted in this study. We defined the primary life
forms of adult benthic species on/in their substrates as “common life forms”

Although differences in environmental conditions were not the focus of our study, we did assess whether there
were considerable water quality differences among sites. The purpose of this assessment was to try to identify
sites with similar conditions so that exogenous impacts on biological communities could be discounted as much
as possible in the analysis. We measured water and sediment conditions at each sampling site (except at BW,
where sediment conditions were not measured due to the absence of sediment). Prior to benthos and sediment
sampling, we measured water temperature, salinity, pH, and dissolved oxygen concentration at each site at a
depth directly above the seafloor by using a multi-parameter water quality meter (AAQ-RINKO, JFE Advan-
tech Co. Ltd., Japan). At BW, where the substrate (i.e., the breakwater) is oriented vertically (see Supplementary
Fig. S1), we measured water conditions in the middle of the water column. We also measured temperature, pH,
oxidation-reduction potential (ORP), water content, and median particle size (D5,) in the sediment. Sediment
temperature, pH, and ORP were measured by using a portable ion meter (IM-32P, DKK-TOA Co., Japan) imme-
diately after each sample was collected. Sediment water content and D5, were measured in the laboratory once
benthic species had been removed from the sample.

Data analysis. First, we identified how many species were shared between all habitat pairs to understand
inter-habitat species-sharing relationships. Second, we compared species compositions and abundances among
habitats using similarity indices and multivariate analysis (described below).

To detect species sharing in terms of species commonality and endemism among the four habitats, we clas-
sified benthic species into the following three categories: common, endemic, and shifting. Common species
were defined as species that occurred across all habitats. Endemic species are those that were found in only one
habitat. Shifting species were defined as those that occurred in multiple habitats (but not across all habitats) and
therefore showed a broad allowable range of habitat types or conditions. To analyse the importance of habitat sets
in maintaining local species diversity, we further categorized the shifting species into two- or three-habitat users
(i.e., those that occurred in two or three different habitats). Moreover, we calculated the numbers and proportions
(i.e., using the Jaccard similarity index) of shared species in each habitat pair to evaluate the potential strength
of any inter-habitat relationships. The Jaccard similarity index () is calculated as follows:

Sap

J=——F
Se + S — Sap

where S, is the number of species in habitat o, Sg is the number of species in habitat 8, and S, is the number of
species that are shared among habitats o and S.

In terms of the functional groups, we analysed abundance matrices of abundant species grouped by primary
feeding types and common life forms. Focusing on abundant species is a useful way to reflect the functional
characteristics of biological communities'*. Therefore, we identified the most abundant species from each sample
before constructing the abundance data matrices. To determine how many species to select for analysis, we calcu-
lated the number e of equally-abundant species that would be required to obtain the Simpson diversity index of
each community (i.e., the effective number of species®). We then selected e abundant species from each sample
in rank order from most to least abundant. If multiple species of the same rank occupied this cut-off threshold,
we selected all of them. This selection method, which is unique to our study, successfully identified dominant
species that accounted for over 70% of the total abundance in each community in all habitats.

To compare benthic macrofaunal communities among habitats, we performed non-metric multidimen-
sional scaling (NMDS)** based on dissimilarity matrices obtained by using the metaMDS function in the vegan
package®. To compare species compositions, we constructed Jaccard dissimilarity matrices based on presence/
absence data, and to compare species abundance and functional compositions, we constructed Bray—Curtis dis-
similarity matrices based on abundance datasets. All abundance datasets were square-root transformed before
calculating the Bray—Curtis dissimilarity matrices to reduce the influence of abundance bias. We accepted
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Category BW EB IF SB ALL
SUMMER

Common species 6 (6.9%) 6 (6.8%) 6 (11.1%) 6(15.4%) 6(3.3%)
Endemic species 62 (71.3%) 37 (42.0%) 15 (27.8%) 9 (23.1%) 123 (68.0%)
Shifting species 19 (21.8%) 45 (51.1%) 33 (61.1%) 24 (61.5%) 52(28.7%)
Total 87 (48.1%) 88 (48.6%) 54 (29.8%) 39 (21.5%) 181
WINTER

Common species 6 (6.1%) 6 (7.8%) 6(9.2%) 6 (15.8%) 6(3.1%)
Endemic species 83 (84.7%) 31 (40.3%) 24 (36.9%) 5(13.2%) 143 (73.0%)
Shifting species 9 (9.2%) 40 (51.9%) 35(53.8%) 27 (71.1%) 47 (24.0%)
Total 98 (50.0%) 77 (39.3%) 65 (33.2%) 38 (19.4%) 196

Table 1. The number of common, endemic, and shifting species in each habitat. Numbers in parentheses

for the three species groups show species percentages relative to the total number of species in each habitat.
Numbers in parentheses in rows marked Total are percentages relative to the total number of species across all
habitats in each sampling time. Habitat abbreviations are as shown in Fig. 1.

the NMDS ordinations if stress values were less than 0.2 to maintain the accuracy of the two-dimensional
ordinations®. Then, we tested the effects of habitat type and sampling time by conducting a two-way permu-
tational multivariate analysis of variance (two-way PERMANOVA)* using the adonis function in the vegan
package. Here, we considered four habitats (Habitat), two sampling times (Time), and their interaction term as
explanatory factors. Although our main focus was differences in community compositions among habitats at each
sampling time, we also examined the magnitude of variation in each habitat by comparing two stable seasonal
extremes (i.e., summer and winter). If the results of the PERMANOVA were significant, we performed post-hoc
tests (pairwise PERMANOVA) to identify which pairs of community structures were significantly different by
using the pairwise.perm.manova function in the RVAideMemoire package®. We used 9999 permutations for the
NMDS ordination, PERMANOVA, and pairwise PERMANOVA. P-values calculated during the pairwise PER-
MANOVA were corrected using the false discovery rate method?®. For the benthic community data collected at
each sampling point at EB, above- and belowground datasets were integrated to reflect spatial representativeness
(see Figs. S3 and S4). All analyses were performed using R version 3.5.1%.

Results

Environmental conditions. Water conditions were largely homogeneous across habitats at each sampling
time (Supplementary Table S1), although wintertime water temperatures at IF were 2-3 °C lower on average than
in the other habitats. Dissolved oxygen concentrations were within the range 4.9-9.3 mg/L, and sediment pH
and ORP were similar across all habitats and sampling times. Sediment temperatures at IF were slightly higher
than at the other habitats in summer but 2-3 °C lower in winter. Sediment water content was the highest at SB,
followed by EB and IF, regardless of sampling time.

Species commonality and endemism. We collected a total of 256 benthic macrofaunal species during
this study (see Supplementary Table S2 for details), with 181 species collected during summer and 196 species
during winter (Table 1). The number of species collected was especially high at BW (summer: 87 species; winter
98 species) and EB (summer: 88; winter: 77) (see Supplementary Fig. S2 for mean values at each site). IF had
more moderate species richness, with 54 species collected in summer and 65 in winter. SB had the lowest num-
ber of species in both summer (39 species) and winter (38 species). BW and EB consistently contained about
40-50% of the total species observed.

Common species made up 3.5% (9/256) of the total number of species observed (Table 1), and only three
species were consistently observed across all habitats during both sampling times; namely, the Asian mussel
Arcuatula senhousia, the polychaete worm Hesionidae sp., and the ribbon worm Nemertea sp. (Supplementary
Table S2). Six additional species were observed across all habitats during one sampling time but not the other. In
summer, these were the gastropod Reticunassa festiva and the polychaete worms Capitellidae sp. and Scolelepis
sp. In winter, these were the polychaete worms Eulalia viridis, Pseudopolydora sp., and Sabellidae sp.

Endemic species made up 68.0% (123/181) of the total species in summer and 73.0% (143/196) in winter
(Table 1). Among habitats, endemism was highest at BW (summer: 71.3%; winter: 84.7%), followed by EB (42.0%;
40.3%), IF (27.8%; 36.9%), and SB (23.1%; 13.2%) during both sampling times.

Shifting species made up 28.7% (52/181) of the total species in summer and 24.0% (47/196) in winter
(Table 1). During both sampling times, over 85% of shifting species were observed at EB. At IF and SB, we
identified approximately 30 shifting species in summer and winter. We identified 35 two-habitat users and 17
three-habitat users in summer and 30 two-habitat users and 17 three-habitats users in winter. BW shared a few
shifting species with IF and SB (Fig. 2). The highest number of two-habitat users were shared between BW and
EB, meaning that many of the shifting species observed at BW were also identified at EB. The highest number of
three-habitat users were shared among EB, IF, and SB during both sampling times. Similarly, the total number of
shared species was relatively high among EB, IF, and SB regardless of sampling time (Fig. 3). The species shared
between BW and SB were mainly common species (see Table 1; Fig. 3).
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Figure 2. Numbers of shifting species in each examined habitat. Panels show (a) two-habitat users and (b)
three-habitat users. Habitat abbreviations are as shown in Fig. 1.

Species composition and abundance. Patterns in total benthic species abundance per unit area at each
habitat differed considerably from the distribution of species richness (Supplementary Fig. S2). BW had by far
the highest total abundance among habitats in our study during both sampling times. EB and IF had contrast-
ing temporal trends, but similar overall average abundances. SB had the lowest average abundance during both
sampling times. NMDS analysis of species composition and abundance revealed similar patterns among habitats
(Fig. 4a,b). PERMANOVA results show that these variations in species composition were much more strongly
explained by habitat than by sampling time (Table 2). Species compositions and abundance at BW were con-
siderably different from those at EB, IF, and SB. In particular, BW and SB were the most different of any habitat
pair. Pairwise habitat comparisons showed that all habitat pairs were significantly different from each other in
both summer and winter (Table 3). However, summertime species compositions and abundances at BW were
not significantly different from wintertime values.

Functional composition. The abundant species observed in our study were classified into 12 primary
feeding types and 6 common life forms (Fig. 5; see Supplementary Table S2). According to the NMDS results,
variations in both types of functional composition are mainly explained by habitat differences (Fig. 4c,d). These
were also supported by the PERMANOVA results (Table 2). Notably, habitat differences had a greater influence
on functional compositions than on species compositions and abundances regardless of sampling time. The
magnitude of any sampling time effect was small and similar to those of species compositions and abundances.
Habitat differences contributed to 52.6% of the variation in primary feeding types (see R* values in Table 2).
Pairwise comparisons revealed that feeding type compositions differed significantly for all habitat pairs during
both sampling times (Table 3). Unlike with species compositions and abundances, temporal differences in feed-
ing type composition were only observed at EB. EB was dominated by detritivores and filter and/or suspension
feeders in summer and by deposit feeders and omnivores in winter (Fig. 5a). At BW, filter and/or suspension
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Figure 3. Shared species in habitat pairs. Panels show data for (a) summer and (b) winter. Black numbers in
each box indicate total numbers of species collected in each habitat. White or black numbers on the black lines
indicate the numbers of species that were shared between each habitat pair with percentages based on Jaccard

indices shown in parentheses. The thickness of each black line is proportional to the percentage of species

shared. Habitat abbreviations are as shown in Fig. 1.

feeders were dominant and accounted for over 75% of the species. Although these feeding types were also domi-
nant at IF, more diverse functional groups were also present. Carnivores and deposit feeders dominated at SB.
Habitat differences contributed to 56.5% of the variation in common life forms (see R? values in Table 2).
Pairwise comparisons revealed that life form compositions differed significantly among nearly all habitat pairs
during both sampling times (Table 3). Life form compositions at IF, however, were not significantly different from
those at EB and SB in summer (Table 3). As with the primary feeding types, temporal differences in common
life form composition were only observed at EB. Free-living and sedentary species dominated at EB in summer,
while burrowers and tube/mucus sheath builders were dominant in winter (Fig. 5b). Although sedentary species
dominated at BW and IF during both sampling times, the degree of dominance differed among the two habitats.
Unlike in the other three habitats, life form compositions at SB were dominated by burrowers, free-living species,

and tube/mucus sheath builders during both sampling times.
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Figure 4. Non-metric multidimensional scaling (NMDS) ordinations of (a) species compositions, (b) species
compositions and abundances, (¢) abundance compositions based on primary feeding type, and (d) abundance
compositions based on common life forms. The four different symbols indicate subsites in each habitat.
Convex hulls enclosed by symbols indicate the dispersion of community composition within habitats. Habitat
abbreviations are as shown in Fig. 1.

Discussion
Our results show different interrelationships in terms of shared species (or taxa) and functional groups among
four benthic macrofaunal habitats in semi-enclosed coastal waters affected by marine urbanization. In terms of
species sharing, we found clear differences between the role of BW and the three natural habitats (EB, IF, and
SB) during both sampling times. Among the three natural habitats, approximately 30% of species were shared,
and certain redundant relationships, which contribute to the maintenance of the species with each other, were
established. By contrast, the breakwater wall featured a distinctive community during both sampling times.
The similarity of the substrates in the three natural habitats could explain the species-sharing relationships
among them. We separated the community at EB into eelgrass shoot (aboveground) and muddy sand bottom
(belowground) components and found that the aboveground community shared much fewer species with IF
and SB than the belowground community (Supplementary Fig. S3). Furthermore, the aboveground species
composition differed significantly from those at IF and SB, whereas the belowground species composition was
similar to those at IF and SB (Supplementary Fig. S4a). Polychaete burrowers, which prefer soft sediments, were
the main taxa shared among the three habitats, which all featured sand and mud as the primary substrates (Sup-
plementary Tables S1, S2).
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Factor \ df \ ss \ MS \ F \ R \ P(>F)
Community composition

Species composition

Habitat 3 | 434 |145 | 565 |0.286 |0.0001
Time 1 1.03 | 1.03 | 4.04 |0.068 | 0.0001
Habitat x time | 3 1.59 053 | 2.07 |0.105 |0.0001
Residuals 32 | 819 |0.26 0.541
Abundance composition

Habitat 3 |518 | 173 | 855 |0.360 | 0.0001
Time 1 111 | 111 548 |0.077 | 0.0001
Habitat x time | 3 1.63 |0.54 | 270 |0.114 | 0.0001
Residuals 32 | 646 |0.20 0.449
Functional composition

Primary feeding type

Habitat 3 | 439 |146 |17.40 |0.526 | 0.0001
Time 1 1023 1023 | 271 |0.027 |0.0423
Habitatx time | 3 1.03 1034 | 4.09 |0.124 | 0.0003
Residuals 32 |2.69 |0.08 0.323

Common life form

Habitat 3 378 |1.26 |17.38 |0.565 | 0.0001
Time 1 1005 |0.05 | 0.64 |0.007 |0.5933
Habitatxtime |3 |0.54 |0.18 | 2.50 |0.081 |0.0225
Residuals 32 | 232 |0.07 0.347

Table 2. Results of permutational multivariate analysis of variance testing for differences in benthic
community compositions. Significant P-values (P<0.05) are shown in bold italic typeface.

The different degrees of species-sharing in the above- and belowground communities imply that environ-
mental complexity within eelgrass beds creates redundant relationships with unvegetated habitats (i.e., IF and
SB) and enhances the capacity of the habitat to host a variety of species. Aboveground seagrass structures act as
secondary substrates for epibiotic organisms, thereby boosting species diversity’****!. As shown in our results, the
aboveground seagrass structures appear to support unique benthic macrofaunal communities (Supplementary
Fig. S4). Although belowground structures formed by seagrass roots and rhizomes do not always enhance benthic
species diversity*>*, the synergistic effects of the above- and belowground components can enhance diversity
of both epifauna and infauna through detritus accumulation**. Variable environments allow diverse species to
coexist with minimal niche overlap because niche diversification is easily promoted by the many opportunities
for resource partitioning®. The results of our functional group analysis also support this mechanism for main-
taining diversity. Functional groups favouring aboveground resources (i.e., detritus feeders, grazers, and filter/
suspension feeders) and structures (i.e., free-living, sedentary) predominated in summer when aboveground
eelgrass biomass was high. In contrast, functional groups favouring sediment and/or sediment-related resources
(i.e., deposit feeders) and structures (i.e., burrowing and tube/mucus-sheath building) predominated in winter
when aboveground eelgrass biomass was low (Supplementary Table S1, Fig. 5). Thus, vegetated habitats (i.e.,
variable environments) are presumably able to create more species- and functional-group-sharing paths than
unvegetated habitats (i.e., single-substrate habitats with relatively stable environments) in a habitat network
under similar environmental conditions.

The dominant functional groups (e.g., sedentary filter and/or suspension feeders and free-living gastropods)
at BW, an artificial hard-substrate habitat, are also dominant in natural hard-substrate habitats (e.g., rocky shores
and reefs) in temperate regions of Japan*®*’. However, studies in other Japanese temperate habitats show that
natural and artificial hard-substrate habitats that share similar physical and chemical environments do not always
develop the same benthic macrofaunal communities*®*. Construction materials and the location and timing
of construction appear to influence the formation of communities in artificial habitats by disrupting species life
cycles and changing how various species interact. As a result, species commonality and similarity in functional
group composition are not always high among natural and artificial hard-substrate habitats.

Interestingly, the species and functional group compositions did not necessarily appear to change synchro-
nously. These compositional changes were synchronized in BW and EB, but not in IF and SB (Table 3, Fig. 5).
This asynchronous change in IF and SB suggests a mechanism facilitating the acceptance of specific functional
groups in habitats with low substrate variability regardless of temporal species turnover. Focusing on primary
feeding type, the compositions of all habitats differed from each other at both sampling times, and there were
no significant differences between the two sampling times for all three habitats except EB (Table 3; Figs. 4c, 5a);
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EB (S) BW (S) IF (S) SB (S) EB (W) BW (W) IF (W)
COMMUNITY COMPOSITION
Species Composition
BW (S) 0.010
IF (S) 0.010 0.010
SB (S) 0.010 0.010 0.010
EB (W) 0.010 0.010
BW (W) 0.010 0.010 0.010
IF (W) 0.010 0.010 0.010 0.010
SB (W) 0.010 0.010 0.010 0.010 0.010
Abundance Composition
BW (S) 0.011
IF (S) 0.011 0.011
SB (S) 0.011 0.011 0.025
EB (W)
BW (W) 0.011
IF (W) 0.011 0.011
SB (W) 0.011 0.011 0.011
FUNCTIONAL COMPOSITION
Primary Feeding Type
BW (S) 0.013
IF (S) 0.045 0.013
SB (S) 0.013 0.013 0.028
EB (W) 0.081 0.013
BW (W) 0.013 0.013 0.013
IF (W) 0.084 0.013 0.013
SB (W) 0.013 0.013 0.035 0.013 0.013 0.013
Common Life Form
BW (S) 0.021
IF (S) 0.121 0.013
SB (S) 0.013 0.013 0.121
EB (W)
BW (W) 0.013
IF (W) 0.013 0.013
SB (W) 0.013 0.013 0.013

Table 3. P-values obtained from post-hoc tests (pairwise PERMANOVAs) testing for similarities in community
and functional composition across habitats and sampling times (S: summer; W: winter). Significant P-values
(P<0.05) are shown in bold italic typeface. Grey cells show comparisons among habitats within sampling times.
Black cells show comparisons between sampling times for each habitat. Habitat abbreviations are as shown in
Fig. 1.

these results imply that each benthic community is functionally unique. Although our results are consistent
with the effects of habitat diversity losses identified in previous research!'”!é, our study additionally shows that
functional diversity may be more quickly and critically affected than species diversity.

Our study suggests that marine urbanization and its accompanying natural habitat losses and incursion of
marine artificial structures degrades biodiversity in coastal marine zones. Maintaining and enhancing biodiver-
sity may require the maintenance of environmentally variable habitats and high habitat diversity at the substrate
level. Crucially, artificial habitats cannot be expected to substitute for natural habitats. Although the communi-
ties in BW and IF appear to be functionally similar as they are mainly composed of filter/suspension feeders
(Fig. 5a), quantitative comparisons in the field are required to compare their true performance®. As the roles of
artificial habitats have become a matter of increasing concern, coastal development based on eco-engineering
has attracted recent attention®. For example, biodiversity-conscious construction based on the concept of green
infrastructure seeks to enhance marine artificial structures through the addition of water retention functionality,
micro-spaces created by pits and grooves, and foundation species (e.g., seaweeds and corals)**~>2. However, such
designed structures can prove inefficient or even detrimental unless compatibility with surrounding environ-
ments is sufficiently considered during the design stage?. Therefore, a deeper understanding of how species and
functional groups are shared among various habitats, including those outside the scope of this study, is essential
to inform future countermeasures against marine urbanization.
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Figure 5. Relative abundance of (a) primary feeding types and (b) common life forms. Functional groups are
abbreviated as follows: Primary feeding types: Ca carnivore, Dp deposit feeder, Dt detritus feeder, FS filter/
suspension feeder, Gr grazer, He herbivore, Om omnivore, Sc scavenger, Sy symbiont. Common life forms: BU
burrowing, FL free-living, PA parasite, SE sedentary, TM tube/mucus-sheath building. Habitat abbreviations are
as shown in Fig. 1.

Data availability
All data generated or analysed during this study are included in this published article and in the Supplementary
information.

Received: 28 February 2020; Accepted: 5 February 2021
Published online: 17 February 2021

Scientific Reports|  (2021) 11:4028 | https://doi.org/10.1038/s41598-021-83597-z nature portfolio



www.nature.com/scientificreports/

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.
36.

37.

38.

39.

Alberti, M. & Marzluff, ]. M. Ecological resilience in urban ecosystems: Linking urban patterns to human and ecological functions.
Urban Ecosyst. 7, 241-265. https://doi.org/10.1023/B:UEC0.0000044038.90173.c6 (2004).

. McKinney, M. L. Urbanization as a major cause of biotic homogenization. Biol. Conserv. 127, 247-260. https://doi.org/10.1016/j.

biocon.2005.09.005 (2006).

. Grimm, N. B. et al. Global change and the ecology of cities. Science 319, 756-760. https://doi.org/10.1126/science.1150195 (2008).
. Airoldi, L., Turon, X., Perkol-Finkel, S. & Rius, M. Corridors for aliens but not for natives: Effects of marine urban sprawl at a

regional scale. Divers. Distrib. 21, 755-768. https://doi.org/10.1111/ddi.12301 (2015).

. Firth, L. B. et al. Ocean sprawl: Challenges and opportunities for biodiversity management in a changing world. Oceanogr. Mar.

Biol. Annu. Rev. 54, 189-262. https://doi.org/10.1201/9781315368597 (2016).

. United Nations World Urbanization Prospects 2018. United Nations, Department of Economic and Social Affairs, Population

Division, New York, United States of America. https://population.un.org/wup/Maps/ (2018).

. Duarte, C. M. et al. Is global ocean sprawl a cause of jellyfish blooms?. Front. Ecol. Environ. 11, 91-97. https://doi.org/10.1890/11024

6 (2012).

. Todd, P. A. et al. Towards an urban marine ecology: Characterizing the drivers, patterns and processes of marine ecosystems in

coastal cities. Oikos 128, 1215-1242. https://doi.org/10.1111/0ik.05946 (2019).

. Dafforn, K. A. et al. Marine urbanization: An ecological framework for designing multifunctional artificial structures. Front. Ecol.

Environ. 13, 82-90. https://doi.org/10.1890/140050 (2015).

Constable, A. J. Ecology of benthic macro-invertebrates in soft-sediment environments: A review of progress towards quantitative
models and predictions. Aust. J. Ecol. 24, 452-476. https://doi.org/10.1046/j.1442-9993.1999.00977 x (1999).

Dufty, J. E., Richardson, J. P. & France, K. E. Ecosystem consequences of diversity depend on food chain length in estuarine vegeta-
tion. Ecol. Lett. 8, 301-309. https://doi.org/10.1111/j.1461-0248.2005.00725.x (2005).

Bremner, J. Species’ traits and ecological functioning in marine conservation and management. J. Exp. Mar. Biol. Ecol. 366, 37-47.
https://doi.org/10.1016/j.jembe.2008.07.007 (2008).

Dolbeth, M., Cardoso, P, Grilo, T., Raffaelli, D. & Pardal, M. A. Drivers of estuarine benthic species distribution patterns fol-
lowing a restoration of a seagrass bed: A functional trait analyses. Mar. Pollut. Bull. 72, 47-54. https://doi.org/10.1016/j.marpo
1bul.2013.05.001 (2013).

Pilo, D. et al. How functional traits of estuarine macrobenthic assemblages respond to metal contamination?. Ecol. Indic. 71,
645-659. https://doi.org/10.1016/j.ecolind.2016.07.019 (2016).

Bulleri, F. & Chapman, M. G. The introduction of coastal infrastructure as a driver of change in marine environments. J. Appl.
Ecol. 47, 26-35. https://doi.org/10.1111/j.1365-2664.2009.01751.x (2010).

Waycott, M. et al. Accelerating loss of seagrasses across the globe threatens coastal ecosystems. Proc. Natl. Acad. Sci. U. S. A. 106,
12377-12381. https://doi.org/10.1073/pnas.0905620106 (2009).

Airoldi, L., Balata, D. & Beck, M. W. The Gray Zone: Relationships between habitat loss and marine diversity and their applications
in conservation. J. Exp. Mar. Biol. Ecol. 366, 8-15. https://doi.org/10.1016/j.jembe.2008.07.034 (2008).

Alsterberg, C. et al. Habitat diversity and ecosystem multifunctionality—The importance of direct and indirect effects. Sci. Adv.
3, e1601475. https://doi.org/10.1126/sciadv.1601475 (2017).

Lefcheck, J. S. et al. Biodiversity enhances ecosystem multifunctionality across trophic levels and habitats. Nat. Commun. 6, 6936.
https://doi.org/10.1038/ncomms7936 (2015).

Bostrom, C., Jackson, E. L. & Simenstad, C. A. Seagrass landscapes and their effects on associated fauna: A review. Estuar. Coast.
Shelf Sci. 68, 383-403. https://doi.org/10.1016/j.ecss.2006.01.026 (2006).

Bulleri, F & Airoldi, L. Artificial marine structures facilitate the spread of a non-indigenous green alga, Codium fragile ssp. tomen-
tosoides, in the north Adriatic Sea. J. Appl. Ecol. 42, 1063-1072. https://doi.org/10.1111/j.1365-2664.2005.01096.x (2005).
Glasby, T. M., Connell, S. D., Holloway, M. G. & Hewitt, C. L. Nonindigenous biota on artificial structures: Could habitat creation
facilitate biological invasions?. Mar. Biol. 151, 887-895. https://doi.org/10.1007/s00227-006-0552-5 (2007).

Airoldi, L. & Bulleri, F. Anthropogenic disturbance can determine the magnitude of opportunistic species responses on marine
urban infrastructures. PLoS ONE 6, €22985. https://doi.org/10.1371/journal.pone.0022985 (2011).

Mineur, . et al. Changing coasts: Marine aliens and artificial structures. Oceanogr. Mar. Biol. Annu. Rev. 50, 189-234. https://doi.
org/10.1201/b12157-6 (2012).

Bishop, M. J. et al. Effects of ocean sprawl on ecological connectivity: Impacts and solutions. J. Exp. Mar. Biol. Ecol. 492, 7-30.
https://doi.org/10.1016/j.jembe.2017.01.021 (2017).

Mayer-Pinto, M. et al. Functional and structural responses to marine urbanisation. Environ. Res. Lett. 13, 014009. https://doi.
org/10.1088/1748-9326/aa98a5 (2018).

Yamada, K., Hori, M., Tanaka, Y., Hasegawa, N. & Nakaoka, M. Temporal and spatial macrofaunal community changes along a
salinity gradient in seagrass meadows of Akkeshi-ko estuary and Akkeshi Bay, northern Japan. Hydrobiologia 592, 345-358. https
://doi.org/10.1007/s10750-007-0767-6 (2007).

Momota, K. & Nakaoka, M. Seasonal change in spatial variability of eelgrass epifaunal community in relation to gradients of abiotic
and biotic factors. Mar. Ecol. 39, e12522. https://doi.org/10.1111/maec.12522 (2018).

Okamoto, R., Yamashita, M., Sakaya, M. & Ishiga, H. Multi-element geochemical analysis of water quality, suspended solid, sedi-
ments and Zostera marina for evaluation of the tidal flat environment in Matsunaga Bay and surrounding areas in Bingo Nada of
Seto Inland Sea, Japan (in Japanese with English abstract). Geosci. Rep. Shimane Univ. 33, 59-74, https://ci.nii.ac.jp/naid/11000
9890898/ (2015).

Mito, Y. et al. Assessment of the species richness and complementarity of benthos in Matsunaga Bay, Japan (in Japanese with
English abstract). J. JSCE B2 (Coast. Eng.) 73, 1351-1356. https://doi.org/10.2208/kaigan.73.1_1351 (2017).

Japanese Ministry of the Environment. http://www.fao.org/fishery/. http://www.env.go.jp/en/nature/biodic/kaiyo-hozen/kaiiki/
engan/13603.html. Accessed 12 Sep 2019.

Statistics Bureau of Japan. https://www.stat.go.jp/english/index.html. Accessed 10 Dec 2019.

Chao, A. et al. Rarefaction and extrapolation with Hill numbers: A framework for sampling and estimation in species diversity
studies. Ecol. Monogr. 84, 45-67. https://doi.org/10.1890/13-0133.1 (2014).

Clarke, K. R. Non-parametric multivariate analyses of changes in community structure. Aust. J. Ecol. 18, 117-143. https://doi.
org/10.1111/j.1442-9993.1993.tb00438.x (1993).

Oksanen, J. et al. vegan: Community ecology package. R package version 2.4-0. https://CRAN.R-project.org/package=vegan (2013).
Anderson, M. J. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26, 32-46. https://doi.org/10.1
111/j.1442-9993.2001.01070.pp.x (2001).

Hervé, M. RVAideMemoire: Testing and plotting procedures for biostatistics. R package version 0.9-73. https://cran.r-project.org/
web/packages/RVAideMemoire/ (2019).

Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. B. 57, 289-300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x (1995).

R Development Core Team R: A language and environment for statistical computing. (R Foundation for Statistical Computing,
Vienna, 2018).

Scientific Reports |

(2021) 11:4028 | https://doi.org/10.1038/s41598-021-83597-z nature portfolio


https://doi.org/10.1023/B:UECO.0000044038.90173.c6
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1016/j.biocon.2005.09.005
https://doi.org/10.1126/science.1150195
https://doi.org/10.1111/ddi.12301
https://doi.org/10.1201/9781315368597
https://population.un.org/wup/Maps/
https://doi.org/10.1890/110246
https://doi.org/10.1890/110246
https://doi.org/10.1111/oik.05946
https://doi.org/10.1890/140050
https://doi.org/10.1046/j.1442-9993.1999.00977.x
https://doi.org/10.1111/j.1461-0248.2005.00725.x
https://doi.org/10.1016/j.jembe.2008.07.007
https://doi.org/10.1016/j.marpolbul.2013.05.001
https://doi.org/10.1016/j.marpolbul.2013.05.001
https://doi.org/10.1016/j.ecolind.2016.07.019
https://doi.org/10.1111/j.1365-2664.2009.01751.x
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1016/j.jembe.2008.07.034
https://doi.org/10.1126/sciadv.1601475
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1016/j.ecss.2006.01.026
https://doi.org/10.1111/j.1365-2664.2005.01096.x
https://doi.org/10.1007/s00227-006-0552-5
https://doi.org/10.1371/journal.pone.0022985
https://doi.org/10.1201/b12157-6
https://doi.org/10.1201/b12157-6
https://doi.org/10.1016/j.jembe.2017.01.021
https://doi.org/10.1088/1748-9326/aa98a5
https://doi.org/10.1088/1748-9326/aa98a5
https://doi.org/10.1007/s10750-007-0767-6
https://doi.org/10.1007/s10750-007-0767-6
https://doi.org/10.1111/maec.12522
https://ci.nii.ac.jp/naid/110009890898/
https://ci.nii.ac.jp/naid/110009890898/
https://doi.org/10.2208/kaigan.73.I_1351
http://www.fao.org/fishery/
http://www.env.go.jp/en/nature/biodic/kaiyo-hozen/kaiiki/engan/13603.html
http://www.env.go.jp/en/nature/biodic/kaiyo-hozen/kaiiki/engan/13603.html
https://www.stat.go.jp/english/index.html
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x
https://cran.r-project.org/web/packages/RVAideMemoire/
https://cran.r-project.org/web/packages/RVAideMemoire/
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x

www.nature.com/scientificreports/

40. Attrill, M. J., Strong, J. A. & Rowden, A. A. Are macroinvertebrate communities influenced by seagrass structural complexity?.
Ecography 23, 114-121. https://doi.org/10.1111/j.1600-0587.2000.tb00266.x (2000).

41. Momota, K. & Nakaoka, M. Influence of different types of sessile epibionts on the community structure of mobile invertebrates
in an eelgrass bed. Peer]. 5, €2952. https://doi.org/10.7717/peerj.2952 (2017).

42. Webster, P. ]., Rowden, A. A. & Attrill, M. ]. Effect of shoot density on the infaunal macro-invertebrate community within a Zostera
marina Seagrass Bed. Estuar. Coast. Shelf Sci. 47, 351-357. https://doi.org/10.1006/ecss.1998.0358 (1998).

43. Leopardas, V., Uy, W. & Nakaoka, M. Benthic macrofaunal assemblages in multispecific seagrass meadows of the southern Phil-
ippines: Variation among vegetation dominated by different seagrass species. J. Exp. Mar. Biol. Ecol. 457, 71-80. https://doi.
0rg/10.1016/j.jembe.2014.04.006 (2014).

44. Lee, S. Y., Fong, C. W. & Wu, R. S. S. The effects of seagrass (Zostera japonica) canopy structure on associated fauna: A study
using artificial seagrass units and sampling of natural beds. J. Exp. Mar. Biol. Ecol. 259, 23-50. https://doi.org/10.1016/S0022
-0981(01)00221-0 (2001).

45. Schoener, T. W. Resource partitioning in ecological communities. Science 185, 27-39. https://doi.org/10.1126/science.185.4145.27
(1974).

46. Hiroshima Prefecture. https://www.pref.hiroshima.lg.jp/uploaded/attachment/20604.pdf. (in Japanese) Accessed 8 Jan 2021.

47. Biodiversity Center of Japan, Ministry of the Environment. Summary report of Coastal Area Survey (Rocky shore, Tidal flats,
Seagrass beds and Algal beds) on Monitoring sites 1000 project in FY2008-2016 (in Japanese with English highlights). Biodi-
versity Center of Japan, Ministry of the Environment, Yamanashi. http://www.biodic.go.jp/monil000/findings/reports/pdf/FY200
8-2016_Coastal_Area_Survey.pdf. (2019). Accessed 8 Jan 2021.

48. Miyata, Y. et al. Evaluation of long-term effects on facilitation of inhabitability for living things by steel-making slag submerged
bank, off Innoshima Island, Hiroshima (in Japanese with English abstract). J. JSCE B3 (Ocean. Eng.) 68, 564-569. https://doi.
org/10.2208/jscejoe.68.1_564 (2012).

49. Onitsuka, T. et al. Succession of bacteria and benthic organisms on a newly-established artificial reef and neighboring natural
rocky reefs at Nagai in Sagami Bay, Japan (in Japanese with English abstract). Aquac. Sci. 61, 277-292 (2013).

50. Firth, L. B. et al. The importance of water-retaining features for biodiversity on artificial intertidal coastal defence structures.
Divers. Distrib. 19, 1275-1283. https://doi.org/10.1111/ddi.12079 (2013).

51. Firth, L. B, Browne, K. A., Knights, A. M., Hawkins, S. ]. & Nash, R. Eco-engineered rock pools: A concrete solution to biodiversity
loss and urban sprawl in the marine environment. Environ. Res. Lett. 11, 094015. https://doi.org/10.1088/1748-9326/11/9/09401
5(2016).

52. Japanese Ministry of Land, Infrastructure, Transport, and Tourism. https://www.mlit.go.jp/kowan/kowan_tk6_000019.html.
Accessed 2 Oct 2020.

Acknowledgements

We thank the Hiroshima Research and Engineering Office for Port and Airport, Chugoku Regional Develop-
ment Bureau, Ministry of Land, Infrastructure, Transport and Tourism, Japan for providing the facilities for field
surveys, Mito Y. at Fukken Co., Ltd. for supporting the data collection, Batley G. at the Commonwealth Scien-
tific and Industrial Research Organisation, Australia, for his helpful suggestions, other members of the Marine
Environmental Information Group, Port and Airport Research Institute, National Institute of Maritime, Port
and Aviation Technology, Japan, for valuable practical assistance, and the staff of the Marine Ecology Research
Institute for providing a good writing environment. We are also grateful for the many constructive comments
provided by our anonymous reviewers.

Author contributions
K.M. analysed the data and wrote the manuscript. S.H. conceived of and designed the study, helped edit the
manuscript, and prepared the maps. All authors reviewed and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1038/s41598-021-83597-z.

Correspondence and requests for materials should be addressed to K.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:4028 | https://doi.org/10.1038/s41598-021-83597-z nature portfolio


https://doi.org/10.1111/j.1600-0587.2000.tb00266.x
https://doi.org/10.7717/peerj.2952
https://doi.org/10.1006/ecss.1998.0358
https://doi.org/10.1016/j.jembe.2014.04.006
https://doi.org/10.1016/j.jembe.2014.04.006
https://doi.org/10.1016/S0022-0981(01)00221-0
https://doi.org/10.1016/S0022-0981(01)00221-0
https://doi.org/10.1126/science.185.4145.27
https://www.pref.hiroshima.lg.jp/uploaded/attachment/20604.pdf
http://www.biodic.go.jp/moni1000/findings/reports/pdf/FY2008-2016_Coastal_Area_Survey.pdf
http://www.biodic.go.jp/moni1000/findings/reports/pdf/FY2008-2016_Coastal_Area_Survey.pdf
https://doi.org/10.2208/jscejoe.68.I_564
https://doi.org/10.2208/jscejoe.68.I_564
https://doi.org/10.1111/ddi.12079
https://doi.org/10.1088/1748-9326/11/9/094015
https://doi.org/10.1088/1748-9326/11/9/094015
https://www.mlit.go.jp/kowan/kowan_tk6_000019.html
https://doi.org/10.1038/s41598-021-83597-z
https://doi.org/10.1038/s41598-021-83597-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Potential impacts of marine urbanization on benthic macrofaunal diversity
	Methods
	Study area. 
	Data collection. 
	Data analysis. 

	Results
	Environmental conditions. 
	Species commonality and endemism. 
	Species composition and abundance. 
	Functional composition. 

	Discussion
	References
	Acknowledgements


