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Marine habitat degradation resulting from human activities and environmental
pollution has led to serious deterioration of marine fishery resources. To
address this issue, countries worldwide are exploring sustainable fishery
approaches. Installation of artificial reefs (AR) is rapidly increasing. AR have
been widely constructed globally to conserve fishery resources and improve
marine habitats. As an important biological group of marine fishery resources,
nekton are widely evaluated to determine the effects of ecological restoration
and resource conservation. In the current study, we compared the dynamic
properties of taxonomic diversity and the eco-exergy of nekton community
from 2 to 14 years after AR construction in Dalajia, China. The results indicated
that the species number and density of nekton significantly increased after AR
construction. Siganus oramin became an absolute dominant fish species in the
reef area and its surroundings. The species diversity and evenness of the nekton
community decreased, whereas species richness increased. The abundance,
biomass, and eco-exergy of the nekton community increased over time
because of the dominance of fishes. Our results highlight that AR can
increase and conserve fishery resources, improve the structure of the nekton
community, and increase ecosystem stability. But, at the same time, the
dominance of S. oramin can interfere in the reef community. The explosive
growth was quantitatively and qualitatively higher than that of other species,
the diversity and evenness indices showed a decreasing trend, although the
number of nekton species was significantly higher than that in the background
survey and CA habitat during the same period.
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1 Introduction

Fishes are the main source of global protein. Marine fisheries
ofter livelihood support to 8% of the world’s population and are
important components of modern agriculture and economy in
China (Tong and Xia, 2017; FAO, 2018; Zhang et al.,, 2019).
Because of increasingly complex natural factors and human
activities, marine degradation is accelerating at an exponential
rate (McCauley et al., 2015; Wang et al., 2019), which has led to
the depletion of offshore fishery resources, degradation of marine
habitats, and severe trend of ecological desertification. To address
these issues, coastal countries are considering approaches for the
sustainable management of fisheries. Artificial reefs (AR) are
gaining prominence for conserving fishery resources in many
coastal countries because of their excellent ecological proliferation
effects (Rilov and Benayahu, 1998; Pickering et al., 1999;
Fukunaga and Bailey-Brock, 2008; Yu et al., 2015).

AR are human-made or auxiliary structures that are built on
the seabed to mimic natural reefs and aimed at protecting and
improving the ecological environment to conserve and increase
aquatic biological resources (Baine, 2001; Perkol-Finkel et al., 2006;
Schroeter et al.,, 2015). The use of artificial reefs can be traced back
to 1795, when Japanese fishermen composed reefs of wooden
frames and sandbags and placed them in the sea to increase fish
aggregation. This practice was inspired by the aggregation of fish
around sunken ships (Chen PM et al., 2019). Japan and the United
States were the first countries to recognize the importance of using
AR to protect, develop, and utilize fishery resources (Liu, 2003). In
1932, Japan formulated the “coastal fishery revitalization policy”;
since September 1945, AR have been installed in its coastal areas
annually (Chen et al., 2006). In 1968, the U.S. government proposed
building a marine ranch and conducted technical research on AR
(Wang and Huang, 2019). At the end of the 1960s, implementation
of the 370 km exclusive economic zone allowed pelagic fishery
powers to return to and operate in their coastal waters within 200
nautical miles of this zone. Since the 1930s, the use of AR has
increased worldwide, particularly in Japan, the United States,
China, and Europe (Santos et al., 2011). AR significantly
influence the spatial distribution of fishery resources in the sea,
which is mainly reflected in the proliferation of fishery resources.
Compared to other sea areas, the reef area has a higher density,
abundance, and diversity of fishery resources (Steimle and Meier,
1997; Feng et al., 2021). Because the spatial structure of AR provides
abundant food sources and suitable shelter for fishery organisms,
the spawning, feeding, and predator avoidance behaviors of fish
increase and other fishery organisms gradually migrate to the reef
area (Liu et al., 2018). Based on differences in the relative abundance
of dominant species, the composition of fish assemblages in reef
areas and natural sea areas may vary (Folpp et al., 2013; Lowry et al,,
2014; Mills et al., 2017). However, the community structure of
fishery resources in the AR area and that in surrounding natural
reefs differ even after long periods (Perkol-Finkel et al., 2006).
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Fishery resources are important components of fishery
ecosystem (Su et al., 2006), and changes in fishery resources can
reflect the dynamic changes in environmental quality and the
fishery ecosystem. The community structure of fishery resources is
used to assess ecological restoration or succession in the sea area
(Avigdor and Yehiam, 2002; Couto et al., 2010; Wang WD et al,,
2010; Jiao et al., 2011; Marchi et al.,, 2011; Yuan et al., 2017; Wang
etal, 2018). Many ecological indicators have been used to evaluate
biological community dynamics during restoration or succession.
Assessment of the community composition, dominant species,
and biodiversity is helpful for determining the impact of human
activities on ecosystems; however, these factors can be more
comprehensively evaluated by measuring eco-exergy (Chen Q
et al,, 2019), which is a thermodynamically oriented indicator of
the extent to which ecosystems deviate from thermodynamic
equilibrium (Jorgensen et al., 2005; Li et al, 2012). Eco-exergy
can be used as an index from the perspective of energy ecology to
evaluate changes in fishery resources in the sea area after habitat
restoration. The eco-exergy value is a thermodynamic index that
originated from ecosystem theory. Quantitative and qualitative
changes in the ecosystems can be obtained by applying this index.
Eco-exergy based on biological complexity information can
intuitively reflect the health status of animal communities in the
target sea area. Furthermore, eco-exergy determination is more
concise, systematic, and comprehensive than biomass and
abundance analysis. Therefore, in this study, eco-exergy theory
was used to evaluate the structure, function, and composition of
the ecosystem after AR construction.

In the present study, based on the fishery resources data
surveyed for 14 years (2002-2016) after AR construction, we
assessed the effect of AR construction on the community
composition, dominant species, taxonomic diversity, and eco-
exergy of the nekton community in Dalajia, Guangdong, China.
We compare the dynamics of these indicators to answer the
following questions: (1) How did the community composition
and dominant species of fishery resources change during the 14
years after AR construction? (2) How did the biomass and
abundance of fishery resources and taxonomic diversity change
during the 14 years after AR construction? (3) How did the eco-
exergy of the nekton community change during the 14 years after
AR construction? We examined the proliferation of fishery resource
in the AR area over a relatively long duration and tracked, observed,
and analyzed the sustainable impact of the AR on fishery

resource conservation.

2 Materials and methods

2.1 Study area

The study was conducted in the south of Dalajia island,
which is in the middle of Daya Bay (22° 33.30’-22° 34.10’ N, 114°
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37.90°-114° 39.50’ E; Figure 1). The water depth ranges from 10
to 16 m, mean annual air temperature is 22.0°C, and mean
seawater surface temperature is 28.0°C. The seabed surface
sediments are fine silty sand-silty sand. Daya Bay has a rich
natural ecological environment that includes coral reefs,
mangroves, rock reefs, beaches, and mudflats (Wang
et al., 2008).

The northern coastal area of the South China Sea was
originally a high-quality fishing ground (Wang et al., 2015).
However, since the 1980s, the fishery ecological environment in
the coastal area of the South China Sea has deteriorated, with
decreased fishery resources, reversion to a younger state, and
reduced quality (Chen et al., 2012; Zou, 2021). To restore these
resources, 1829 reinforced concrete AR (3 x 3 X 5 m) were
installed in the AR area of Dalajia on December 30, 2002 and
June 23, 2004 (Figure 2). The volume and area of these concrete
reefs were 60,178 m’ and 5.375 km?, respectively (Chen
et al., 2007).

Two types of habitats were selected in the current study: AR
and control area (CA). The AR habitat was an inshore area where
AR were laid, and two sampling sites (AR1 and AR2) were
selected in this habitat. A bottom trawl and gill net were used
for sampling at the ARl and AR2 sampling sites, respectively.
Because trawling cannot be performed in the reef area, AR1 was
arranged at the edge of the reef area, and AR2 was arranged in the
center of the AR area. The CA habitat was near the AR habitat and
used to assess the effect of AR construction on the surrounding
natural habitats. Similar to AR, two sampling sites (CA1 and CA2)
were selected in CA, and a bottom trawl and gill net were used for
sampling in CA1 and CA2, respectively (Figure 1). Both the AR
and CA habitats were in the same marine space and differed only
in whether AR had been constructed.

10.3389/fmars.2022.1054933

2.2 Investigation of nekton community

The nekton community was sampled in November 2002
before constructing the AR (background survey). Four tracking
surveys were conducted in July 2004, August 2005, November
2006, and January 2016. The nekton community in both AR and
CA habitats were sampled simultaneously during these periods.

Bottom trawler sampling was conducted at AR1 and CAL1 for
10-15 min and 2.8-3.0 knots. Several gill nets were used to
sample at AR2 and CA2 for 1.0-5.0 h. The nekton were
identified at the species level using standard taxonomic
references. The parameters of nets used in each sampling
period are shown in Tables 1, 2.

2.3 Determination of taxonomic indexes

The following equations were used to characterize the
nekton communities at each site:
C

D=—
qa

Resource density by trawl net, (1)
where C is the average trawl net catch per hour (kg/h or
individual/h), g is the net capture rate (0.5 for nekton) (Feng
et al,, 2021), and a is the sampling area (km?).

c
LxH

d=

Resource density by gill net, (2)

where c is the average gill net catch per hour (kg/h or individual/
h), L is the gill net length (m), and H is the gill net height (m).

s
Shannon — Weiner diversity index, H' = ->Pilog, P;  (3)
i=1
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FIGURE 1

Locations of the two habitats studied in Dalajia, Daya Bay, China. AR, artificial reef habitat; CA, area near AR habitat without artificial reefs.

Frontiers in Marine Science

03

frontiersin.org


https://doi.org/10.3389/fmars.2022.1054933
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Yuan et al.

10.3389/fmars.2022.1054933

FIGURE 2

Reinforced concrete artificial reefs (3 x 3 X 5 m) laid on the seafloor in the artificial reef area of Dalajia.

TABLE 1 Parameters of trawl net used during sampling period.

Sampling period = Trawl net length (m)  Trawl net width (m)  Time length of sampling (min)  Speed of trawler (knot)
2002.11.21 45 2.0 10 3.0
2004.07.13 45 24 15 2.8
2005.08.03 45 24 15 2.8
2006.11.09 45 24 15 2.8
2016.01.10 45 20.0 15 2.8
TABLE 2 Parameters of gill net used during sampling period.
Sampling period Gillnet length (m) Gillnet height (m) Time length of sampling (h)
2002.11.21 30000 1.2 2.8
2004.07.13 50 1.0 45
2005.08.03 100 1.2 2.0
2006.11.09 144 2.0 1.0
2016.01.10 450 1.2 4.0
Pielou’ nd , H 4 of a certain species compared to the total. When the IRI > 1000,
1CT01 S EVEMESS e, J= In(S,2) @ the species was considered as dominant (Wang XH et al,
2010).
Margalef ' s species richness index. R= =1 (5) j
& ’ InN Jaccard species similarity index, S = ﬁ (7)
ap+01—J

where S is the total number of species, P; is the proportion of
individuals in a sample belonging to species i, and N is the total
number of individuals.

Pinkas relative importance index, IRI=F x (M+ W)  (6)

where F is the frequency of a certain species found at all
sampling sites, M is the proportion of the quantity of a certain
species compared to the total, W is the proportion of the weight
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where a; is the number of species in community a, b; is the
number of species in community b, and j is the number of
species common to both communities. When 0< §; < 0.25, the
species composition of the two communities was considered as
very different; when 0.25< S; < 0.50, the species composition of
the two communities was considered as not similar; when
0.50< §; <

communities was considered as similar; when 0.75< S; < 1.00,

0.75, the species composition of the two
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the species composition of the two communities was
considered as very similar (Huang et al., 2019).

2.4 Determination of eco-exergy
of nekton

The eco-exergy of the nekton community (i.e., eco-exergy of
fauna per unit area) was determined using the following
equation:

n
E,= 18~7X%(Ciﬁi) 8)
iz

where 18.7 is the mean eco-exergy of detritus or dead
organic matter in kJ/g, C; is the biomass of the ith species (g/
m?), and f; is the weighting factor of the genetic information
based on Kullbach’s measurement of the genome size and
complexity of the ith species (Jorgensen et al., 1995; Fu, 2015;
Lu et al,, 2015). The reference value for B; is 499 for fish, 230 for
crustaceans, and 310 for cephalopods (Jorgensen et al., 2005).

3 Results

3.1 Changes in community
composition and dominant species
of fishery resources

3.1.1 Community composition of nekton
The results of the trawl net survey showed that nekton
species in both the AR and CA habitats exhibited an

FIGURE 3

Underwater photos of fish aggregation in artificial reefs (A, B) and living organisms attached to reefs (C, D) in Dalajia, Daya Bay, China.

10.3389/fmars.2022.1054933

increasing trend after reef construction, and the number of
species in the AR habitat was larger than that in the CA
habitat (Figure 3). Based on the four tracking surveys, the
number of nekton in the reef area was 1.64-, 1.86-, 1.91-, and
1.68-fold larger than that during the background survey and
1.00-, 1.37-, 1.62-, and 1.37-fold larger than that of the CA in the
same period (Table 3). The single sample T-test results showed
that after AR construction, the species in both reef zone and
contrast zone were significantly higher than those before AR
construction (P< 0.05). Paired sample T-test results showed that
species in AR was significantly higher than those in CA (P<
0.05). Analysis of the species composition of nekton showed that
there was a clear increase in fish, whereas the trends for
crustaceans was unclear. Cephalopods newly appeared at the
sites during the tracking surveys (Figure 4). The proportion of
fish among the total nekton in AR gradually increased from
27.27% during the background survey to 50.00% during the first,
51.22% during the second, 52.38% during the third, and 37.84%
during the fourth tracking. The nekton species composition in
the CA was similar to that in the AR, although their numbers
were lower in the CA.

The similarity indices of nekton in the AR and CA habitats
during the background survey and first tracking survey were 0.61
and 0.58, respectively; the nekton communities in the two
habitats were similar. From the second to fourth tracking
surveys, the similarity indices of AR and CA were 0.45, 0.47,
and 0.31, respectively, and the nekton communities in the two
habitats were not similar. Over time, the composition of nekton
communities in the AR and CA showed a gradual difference.

The results of the gill net survey were similar to those of the
trawl net survey (Figure 5). However, cephalopods did not appear
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in the catch of the gill net survey, and the similarity between AR and
CA was lower (Table 3). The single sample T-test results showed
that after AR construction, the species of AR was significantly
higher than that before AR construction (P< 0.05), while the species
was of CA was not significantly increased (P > 0.05).

3.1.2 Changes in dominant species

The results of trawl net sampling showed that crustaceans
dominated the nekton community in both habitats before AR
construction. Among them, the dominant species were
Exopalaemon carinicauda in the AR habitat and Harpiosquilla
raphidea, Trachypenaeus curvirostris, and Acropoma japonicum
in the CA habitat. After AR construction, fish dominated the
nekton community in the AR habitat. Among them, the
dominant species were Siganus oramin in the AR habitat and

10.3389/fmars.2022.1054933

Dorippe facchino, Metapenaeopsis barbata, S. oramin, and
Charybdis variegata in the CA habitat (Table 4).

Based on the results of gill net sampling, fish dominated the
nekton community in both the AR and CA habitats before AR
construction. However, both fish and crustaceans dominated the
nekton community in both the AR and CA habitats after AR
construction. Four fish and one crustacean species dominated
the AR habitat, whereas 11 fish and four crustacean species
dominated the CA habitat (Table 5).

Compared with the background survey, after years of recovery
and development, fish such as S. oramin, Leiognathus brevirostris,
and Paerargyrops edita as well as crustaceans such as M. barbata,
and Metapenaeus ensis replaced Johnius grypotus, Nemipterus
japonicus, and Exopalaemon carinicauda and became the
dominant species in the AR habitat and its adjacent waters.

TABLE 3 Species and similarity index of nekton community in AR and CA habitats surveyed during trawl net and gill net sampling period.

Survey Sampling  Species number Species number Number of species common to the two  Similarity Similarity
net period in AR in CA communities index
Trawl net 2002.11.21 22 11 10 0.61 similar
2004.07.13 36 36 21 0.58 similar
2005.08.03 41 30 16 0.45 not similar
2006.11.09 42 26 16 0.47 not similar
2016.01.10 37 27 10 0.31 not similar
Gill net 2002.11.21 15 10 5 0.40 not similar
2004.07.13 17 8 3 0.24 not similar
2005.08.03 20 9 5 0.34 not similar
2006.11.09 22 8 5 0.33 not similar
2016.01.10 20 18 8 0.42 not similar
A B
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g 30 £
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FIGURE 4
Species composition of nekton (A), fish (B), crustaceans (C) and mollusks (D) collected during each trawl net sampling periods in AR and
CA habitats.
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Species composition of nekton (A), fish (B) and crustaceans (C) collected during each gill net sampling periods in AR and CA habitats
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TABLE 4 Dominant species of nekton community in AR and CA habitat surveyed during trawl net sampling period.

Spatial Sampling period

AR 2002.11.21

2004.07.13
2005.08.03
2006.11.09
2016.01.10

CA 2002.11.21

2004.07.13
2005.08.03

2006.11.09

2016.01.10

Dominant species

Exopalaemon carinicauda
Siganus oramin
Siganus oramin
Siganus oramin
Siganus oramin

Metapenaeopsis barbata
Harpiosquilla raphidea
Trachypenaeus curvirostris
Acropoma japonicum
Dorippe facchino
Metapenaeopsis barbata
Dorippe facchino
Metapenaeopsis barbata
Dorippe facchino
Siganus oramin

Metapenaeopsis barbata
Siganus oramin

Dorippe facchino
Charybdis variegata

Weight percentage

3.61
85.83
81.34
41.60
15.45

2.13
53.89
10.56

3.33
33.58

7.07
37.21

7.67
32.31
13.34
11.67
20.01
12.47

2.28

Quantity percentage

73.38
89.53
84.74
81.98
47.39
11.76
18.18
13.64
22.73
43.24
15.44
47.44
15.34
47.41
9.91
17.67
13.61
29.59
10.06

IRI

7341.74
9038.38
8554.86
8239.28
4754.95
1178.60
1872.07
1374.19
2276.06
4357.91
1551.47
4781.59
1541.42
4773.69
1004.72
1778.92
1380.96
2971.05
1008.19

3.2 Fishery resource density and
community biodiversity after artificial

reef construction

3.2.1 Biomass and abundance
The results of trawl net sampling showed that the biomass and
abundance of nekton were higher both in the AR and CA after AR
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construction, with higher values observed in the AR than the CA.
The biomass and abundance of nekton in the AR during the first to

fourth tracking surveys showed an initial increasing trend and then
decreased, with biomasses that were 17.74-, 22.22-, 13.13-, and
12.93-fold higher than those during the background survey and
abundances that were 4.78-, 5.13-, 2.95-, and 1.63-fold higher than
that during the background survey (Figure 6). Single sample T-test
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TABLE 5 Dominant species of nekton community in AR and CA habitat surveyed during gill net sampling period.

Spatial Sampling period Dominant species

AR 2002.11.21 Johnius grypotus

Nemipterus japonicus
2004.07.13 Paerargyrops edita
2005.08.03 Metapenaeus ensis
Paerargyrops edita
Johnius belangerii
2006.11.09 Rhabdosargus sarba
Metapenaeus ensis
Paerargyrops edita
2016.01.10 Leiognathus brevirostris

CA 2002.11.21 Konosirus punctatus
Nemipterus japonicus
Johnius grypotus

2004.07.13 Calappa philargius
Argyrosomus argentatus
Pseudorhombus oligodon
2005.08.03 Portunus pelagicus
Portunus trituberculatus
Thamnaconus tessellatus
Portunus sanguinolentus
Argyrosomus argentatus
Paerargyrops edita
2006.11.09 Portunus trituberculatus
Portunus sanguinolentus
Argyrosomus argentatus
Paerargyrops edita
Oratosquilla nepa
2016.01.10 Rhabdosargus sarba
Leiognathus brevirostris

Thrissa kammalensis

results showed that after AR construction, biomass and abundance
increased significantly in both AR and CA (P< 0.05). The paired
sample T-test showed that the AR biomass and abundance were
significantly higher than those in the CA (P< 0.05).

According to the results of gill net sampling, the changes in
biomass and abundance in both the AR and CA habitats were
similar to those of trawl net sampling, showing a greater increase
in improvement (Figure 7). Single sample T-test results showed
that after AR construction, biomass increased significantly in
both AR and CA (P< 0.05), the abundance of AR and CA
increased not significantly after AR construction. The Paired
sample T-test showed that there were no significant differences
in biomass and abundance between AR and CA (P > 0.05).

3.2.2 Taxonomic diversity

From the results of trawl net sampling (Table 6), the
Shannon-Weiner diversity and Pielou’s evenness indices of the
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Weight percentage Quantity percentage IRI
11.71 11.36 1148.08
2.60 43.18 4320.79
24.17 38.46 3870.32
15.32 24.64 2479.09
6.13 23.19 2324.97
527 11.59 1164.69
50.55 22.78 2329.03
8.46 22.78 2286.94
3.63 2278 2282.11
16.05 56.69 5684.79
36.83 25.00 2536.83
27.93 46.43 4670.79
18.88 14.29 1447.45
28.87 28.57 2886.01
18.70 14.29 1447.27
539 2143 2148.24
2536 11.76 1201.83
2125 17.65 1785.95
13.50 11.76 1189.97
13.37 11.76 1189.84
8.22 17.65 1772.93
4.11 11.76 1180.58
20.10 12.50 1270.10
8.60 25.00 2508.60
7.38 18.75 1882.38
320 12.50 1253.20
1.60 12.50 1251.60
18.90 13.93 1412.34
8.97 18.44 185323
592 13.93 1399.37

nekton community decreased initially and then increased,
whereas Margalef’s species richness index increased initially
and decreased in both the AR and CA habitats after AR
construction. Shannon-Weiner diversity and Pielou’s evenness
indices of the nekton community in the AR habitat decreased
during the first to third tracking surveys compared to those
during the background survey and increased during the fourth
tracking survey. Margalef’s species richness index in the AR
habitat was higher during the first to fourth tracking surveys
than that during the background survey. These changes in the
Shannon-Weiner diversity, Pielou’s evenness, and Margalef’s
species richness indices of the nekton community in the CA
habitat were similar to those in the AR habitat.

Based on the results of gill net sampling (Table 6), the
Shannon-Weiner diversity, Pielou’s evenness, and Margalef’s
species richness indices of the nekton community in the AR
habitat increased initially and decreased after AR construction.
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FIGURE 6
Changes in nekton community biomass (A) and abundance (B) in the
AR and CA habitats surveyed during each trawl net sampling period.

The Shannon-Weiner diversity and Pielou’s evenness indices of
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Changes in nekton community biomass (A) and abundance (B) in the
AR and CA habitats surveyed during each gill net sampling period
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higher during the first to third tracking surveys and lower
during the fourth tracking survey compared to those in the
background survey. The Shannon-Weiner diversity, Pielou’s
evenness, and Margalef’s species richness indices of the nekton
community showed increasing trends during the first to fourth
tracking surveys in the CA habitat after AR construction.

3.3 Eco-exergy of the nekton community
after artificial reef construction

The eco-exergy of the nekton community increased in both
the AR and CA habitats after AR construction and reached a
maximum at 3 years after AR construction (Table 7). The eco-
exergy of the nekton community in AR habitat increased by
17.97-fold, and the community structure was more orderly and
complex at 14 years after AR construction. During the first to
fourth tracking surveys, the eco-exergy of the nekton
community in the AR habitat was 7.03-, 8.48-, 6.66-, and 3.27-
fold higher than those in the CA habitat during the same period,
respectively. Fish were the major contributors to the eco-exergy
increase by the nekton community; the eco-exergy proportion of
fish during the background survey was 26.65%, which increased
t0 95.66%, 94.09%, 68.18%, and 78.51% during the first to fourth
tracking surveys, respectively. The eco-exergy proportion of
crustaceans generally showed a decreasing trend, whereas that
of the proportion of mollusks generally showed an increasing
trend after AR construction, indicating that fish and mollusks
play important roles in maintaining the stability and complexity
of the nekton community structure in the AR habitat. The eco-
exergy proportion of fish and crustaceans showed an increasing
trend, whereas that of mollusks showed a decreasing trend in the
CA habitat after AR construction.

4 Discussion

4.1 Community composition and
dominant species of fishery resources

Changes in fishery resource community compositions is a
central concept in research aimed at fishery resource
conservation (Brotto and Araujo, 2001; Jan et al., 2003). Many
studies have shown that AR play important roles in attracting
nekton communities and promoting the aggregation and
recovery of biological communities within their effective
impact areas. Particularly, fish attraction is important for the
aggregation, conservation, and proliferation of fishery resources
(Rooker et al., 1997; Liu et al., 2007; Yuan et al., 2011; Dong et al.,
2015). In this study, the number of species in the nekton
community in both the AR and CA habitats greatly increased
over time and were higher in the AR habitat than in the CA
habitat during the same period. AR promote habitat changes and
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TABLE 6 Taxonomic diversity indices of nekton community in two habitats survey during trawl net and gill net sampling period.

Survey net Sampling period Shannon-Weiner diversity (H’) Pielou’s evenness index (J°) Margalef’s species richness index (R’)

AR CA

Trawl net 2002.11.21 1.891 3.170
2004.07.13 0.902 3.086

2005.08.03 1.227 2.941

2006.11.09 1.263 2.711

2016.01.10 3.080 3.478

Gill net 2002.11.21 2.952 2.191
2004.07.13 3.255 2.753

2005.08.03 3.426 3.057

2006.11.09 2.451 2.828

2016.01.10 2.442 3.613

influence the surrounding waters of the AR habitat, which is
similar to the observations in previous studies (Zhang et al.,
2006; Wang et al., 2016).

The number of species in AR habitat was larger than that in
CA habitat. This may be attributed to three factors. First, the
presence of AR obstructs trawling in the reef area, which protects
fishery resources and habitats to some extent. Second, the AR are
taller than the seabed, and thus alter the local flow field and
produce upwelling effects and wake vortices. Upwelling
accelerates the circulation of nutrients in water, causes the
rapid growth of plankton, and provides abundant food source
for the nekton community such as fish; these factors are
conducive to the growth and survival of fishery organisms.

AR CA AR CA
0.424 0.916 3.322 3.235
0.174 0.597 4.539 5.600
0.229 0.599 5.095 4.683
0.234 0.577 5.177 4.072
0.591 0.731 3.930 3.025
0.756 0.660 3.700 2.031
0.796 0.918 4.049 2.652
0.793 0.965 4.487 2.824
0.550 0.943 4.806 2.525
0.565 0.866 2.703 2.746

The flow field effect produced by the wake vortex causes fish
to aggregate. Finally, AR structures on the sea floor provide
habitat spaces for the nekton community, including reef fish, to
live, feed, and reproduce (Williams-Grove and Szedlmayer,
2017; Jiang et al., 2019).

The similarity between the background survey and first
tracking survey of the nekton community was high both in the
AR and CA habitats. Over time, the similarity in the nekton
community decreased in the two habitats, with gradual differences
observed in the community composition in the two regions. The
time between the first tracking and background survey was
relatively short, and the aggregation effect of AR on nekton was
not clear (Wang et al., 2012; Liu et al,, 2016). Over time, the sea

TABLE 7 Eco-exergy of the nekton community in two habitats survey during trawl net sampling period.

Sampling period Species

2002.11.21 Fish
Crustaceans
Mollusca
Nekton faunal
2004.07.13 Fish
Crustaceans
Mollusca
Nekton faunal
2005.08.03 Fish
Crustaceans
Mollusca
Nekton faunal
2006.11.09 Fish
Crustaceans
Mollusca
Nekton faunal
2016.01.10 Fish
Crustaceans
Mollusca

Nekton faunal

Frontiers in Marine Science

Eco-exergy in AR habitat (J-m?)

Eco-exergy in CA habitat (J-m?)

881.73 110.86
2426.85 110.86
0.00 366.94
3308.59 588.65
99690.29 5055.28
3668.76 8290.58
853.34 1474.64
104212.39 14820.49
120710.81 5290.43
6541.29 8343.89
1047.38 1490.54
128299.48 15124.86
40167.02 3777.38
18560.18 4369.90
186.32 700.55
58913.51 8847.82
50466.37 15136.59
12105.25 3812.38
1712.33 700.55
64283.95 19649.53
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area tends to self-regulate, and biological changes caused by habitat
changes gradually tend to stabilize (Wang ZH et al., 2010). Further,
the nekton community adapts to the habitat, gradually reflected
by the aggregation and proliferation of nekton surrounding the
AR. The species and number of reef-loving fish have greatly
increased and gradually become the dominant species. Our
survey results showed that S. oramin in the AR habitat was the
absolute dominant species, verifying this result.

One limitation of this study was that the number of sampling
sites was small; therefore, our results may not completely reflect
the situation of the two habitats. Long-term fixed-point
observation can be performed to overcome this limitation.

4.2 Biomass, abundance, and
taxonomic diversity

In this study, the increases in the biomass and abundance of
nekton community after AR construction reflected the effect of
the AR in the conservation and proliferation of fishery resources.
Based on the changes in the biomass and abundance of the
nekton community, the biomass increase was more obvious than
that of the abundance in the AR habitat. Thus, the AR clearly
protected fishery resources, even 14 years after AR construction.
The biomass of the nekton community remained relatively stable
from years 4 to 14 after AR construction.

According to the results, compared with the tracking survey in
2006, fish biomass remained stable and abundance showed a
downward trend in 2016. Meaning that as the body weight of
fish increases, the population decreases when the resource density
is similar. Why did the abundance decreased over time? We
speculate the reasons are as follows, there was a gap of 10 years
between the third tracking survey in 2006 and the fourth tracking
survey in 2016. During this period, fish in AR experienced a series
of changes, including an increase in quantity and quality. The
construction of AR provided a place for fish and other organisms
to grow, spawn and reproduce. In the early stage of AR
construction, fish gathered in the AR, and the density and
abundance of fish resources increased. Then fish spawn in the
AR and the supplementary group of fish increased. The growth of
fish stocks presents an “S” shaped increase in logistics mode. The
supplementary fish groups in the AR gradually increased over time.
After reaching a certain number, the number of fish no longer
increase due to the restrictions of AR space and food resources, and
at the same time, with the growth of individuals, the number even
shows a trend of decline. This situation showed that under the
premise of limited resources in the AR space, the increase of reef
fish resources has reached the optimal state.

Compared with the background survey, variations in the
diversity and evenness indices of the AR habitat in tracking
surveys by trawl net initially declined and then increased, and was
lower than those in the CA habitat during the same period,
indicating that the diversity in the AR habitat was not high and
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distribution of the number of species was uneven. This may be
because of improvements in the heterogeneity of the benthic habitats
following AR construction (Tews et al., 2004), resulting in explosive
growth of reef fish resources, such as S. oramin, in the AR habitat.
The explosive growth was quantitatively and qualitatively higher
than that of other species, with S. oramin becoming the dominant
species in the reef area. In the 2004 trawl survey, the catch and tail
number of S. oramin were 93.86% and 95.78% of the total catch,
respectively. In 2005, the catch and tail number of S. oramin were
92.04% and 95.94% of the total catch, respectively. In 2006, the catch
and tail number of S. oramin were 83.63% and 96.20% of the total
catch, respectively. In 2016, the catch and mantissa were 24.34% and
79.66% of the total catch, respectively. The formula for diversity and
evenness is based on the proportion of the number of each species to
the mantissa of the total catch, When there was only one dominant
specie, the results of diversity and low uniformity were low according
to the calculation formula. Thus, the diversity and evenness indices
showed a decreasing trend, although the number of nekton species
was significantly higher than that in the background survey and CA
habitat during the same period. Relative abundance or taxonomic
diversity alone is not always an appropriate indicator of the
ecosystem complexity of a species, and coupled with other
indicators of the species can reveal more information in
ecosystem functioning,.

Compared with the background survey, the species richness
indices of the nekton community in the four tracking surveys
showed an increasing trend in both the AR and CA habitats,
indicating that the number of nekton species and community
richness increased in both the AR and CA habitats after AR
construction. The ecological effect of artificial fish reefs on the
surrounding biological communities is not constant. With
changes in the surrounding environmental conditions and
topography, ecological communities change and undergo
succession, and the ecosystem tends to the structural degree of
maximum energy during continuous change (Santos and
Monteiro, 1997). Over the long term, AR can increase the
biomass, abundance, and species richness of fishery resource
communities (Nicoletti et al., 2007; Santos and Monteiro, 2007).

4.3 Eco-exergy of the nekton community

Because of the existence of an absolute dominant species,
taxonomic diversity alone is not always an appropriate indicator
of ecosystem complexity; however, taxonomic diversity coupled
with other indicators of the species can reveal more information
on ecosystem function (Hooper et al, 2005). Limited by the
complexity of the ecosystem and technical conditions in
ecological research, the approximate ecological value of the
system is often determined based on the results of observation,
providing an approximation of the entire system or selective
information on parts of the system (Zhang et al, 2010).
Nevertheless, as an important objective function, ecological
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value has certain advantages in ecosystem research. Four tracking
surveys were conducted in the AR and CA habitats in Dalajia from
2002 to 2016. During the 14 years after AR construction, the eco-
exergy of nekton community increased in both the AR and CA
habitats, indicating that the ecosystems of the AR and CA habitats
became increasingly complex, and the structural stability of the
system gradually changed to a healthy structure with more species
and improved stability. The eco-exergy of the nekton community
in the AR habitat was higher than that in the CA habitat during
the same period, indicating that the AR habitat has more complex
and stable benefits for the nekton community structure, and that
the benefits extended to the CA habitat. The results also showed
that the biomass of nekton community was most closely related to
exergy, which is consistent with other studies (Lu et al., 2015). The
change of dominant species along with the AR age might be
another responsibility for the changes in eco-exergy of nekton
community. Eco-exergy can be used to assess and analyze the
trend of the dynamic change of the ecosystem and the expected
result. The ecological effects of artificial reef construction on the
surrounding biological communities are not invariable. With the
change of the surrounding environmental conditions and
topography, the ecological community also keeps changing and
succeeding, and the ecosystem tends to the structure degree of
maximum energy value in the process of constant change. The
exergy value of nekton community in Dalijia AR increased
continuously, indicating that the reef ecosystem changed from
simple to complex, and the stability of the system changed from
fragile structure to a healthy structure with increased species and
increased stability. Eco-exergy indicators were introduced to
explain the role of reef building in restoring fishery resources
more comprehensively.

In general, AR construction improved and promoted the
diversity and stability of the ecosystem in the AR habitat and
surrounding areas. Over time and with further restoration and
improvement of the ecosystem, its effects on fishery resource
conservation and ecological restoration will become clearer.

A more comprehensive method and longer-term follow-up
investigation are needed to further evaluate the impact of AR
construction on marine biological resources. To further examine
fishery resource conservation and ecological restoration of AR from
the perspective of the contribution rate of ecological exergy from the
nekton community, continuous follow-up investigations are needed.

5 Conclusions

The number of species and resource density of the nekton
community have increased both in the AR and CA habitats, with
the AR habitat showing a greater increase than the CA habitat after
AR construction in Dalajia. Siganus oramin has become the
absolutely dominant species in the AR habitat and its adjacent
waters. The diversity and evenness of the nekton community
showed a decreasing trend, whereas the species richness improved
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in the AR habitat and its surrounding areas. Changes in the
abundance, biomass, and eco-exergy of the nekton community
showed increasing trends over time. AR construction has different
effects on the structural changes of fish, crustaceans, and mollusks
and it has the greatest benefits on the conservation and proliferation
of fish resources. But, at the same time, the dominance of S. oramin
can interfere in the reef community. The explosive growth was
quantitatively and qualitatively higher than that of other species, the
diversity and evenness indices showed a decreasing trend, although
the number of nekton species was significantly higher than that in
the background survey and CA habitat during the same period.
These results highlight that the construction of AR has greatly
improved the restoration of nekton community resources in the sea
area, improved the structure of nekton community communities,
and increased the stability of ecosystems, even at 14 years after
AR construction.
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