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The comparison of trophic structure and energy flow between natural and artificial reefs is
imperative to evaluate whether these man-made structures work similarly to comparable
natural reefs. Here, to characterize the potential difference in functioning between two
types of reef ecosystems, two trophic models (Ecopath) at an artificial reef and an adjacent
natural reef on the coast of the north Yellow Sea, China, were established. Both Ecopath
models were divided into 18 functional groups from primary producers (algae and
phytoplankton) and detritus to predatory species (e.g., Sebastes schlegelii). Model
outputs showed that the ecosystem scale was smaller in the artificial reef (total system
throughput (TPP) = 6,455.47 t·km−2·year−1) relative to its natural counterpart (TPP =
9,490.48 t·km−2·year−1). At both reef types, a large proportion of energy occurred at
trophic levels I and II, and most of the primary production was utilized through a detritus
pathway. This result implies a bottom-up energy flow control for both cases. However,
two types of reef systems were behaving in a reasonable manner, as mean transfer
efficiencies were similar to the Lindeman efficiency (10%). The ecosystem maturity of the
artificial reef is not comparable to that of the natural reef for its inferior value of total primary
production/total respiration (TPP/TR). Moreover, both the connectance index (CI) and
system omnivory index (SOI) were slightly higher at the artificial reef relative to the natural
reef as well as other coastal systems with parallel latitudes, suggesting that the current
artificial system has formed complicated interspecies relations and high-level stability. This
work updates our knowledge about the functioning evolvement of established artificial
reefs and provides a baseline for the efficient management of coastal zones and
further investigations.
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1 INTRODUCTION

As marine habitat loss and degradation become major threats to
biodiversity and fishery reduction, the establishment of artificial
reefs has become an effective way to alleviate habitat stressors
(McCauley et al., 2015; Lima et al., 2019). A small scale biosphere
reserve will arise in situ after the deployment of artificial reefs,
where various organisms can find shelters (e.g., fish) or
attachment bases (e.g., algae and filter feeders), leading to
gathering effects on marine organisms (Bohnsack, 1989;
Brickhill et al., 2005; Raj et al., 2020). Moreover, the upwelling
generated around the reef will promote nutrient recycling and
subsequently be conducive to primary production (Liu et al.,
2013). As a result, these submerged structures facilitate
populations of living marine resources and enhance
biodiversity in situ with time extending.

Ecological succession around newly deployed reefs is not only
characterized by the change of biological community but also
accompanied by the evolvement of ecosystem functions
(Nicoletti et al., 2007; Toledo et al., 2020). As artificial reefs
have been deliberately constructed or placed to emulate some
functions of natural reefs (United Nations Environment
Programme, 2009), comparative biological surveys between
two types of reefs are essential and have been performed
worldwide (Paxton et al., 2020). Revealing similarities and
differences in terms of community composition and
biodiversity have brought insights into the performance of
newly deployed reefs. However, current knowledge has rarely
concerned the characteristics of trophic structure and energy
flow, which allows for the performance evaluation of artificial
reefs in ecosystem functioning. It has been widely accepted that
energy sources and pathways play crucial roles in the functions of
the artificial reef ecosystem (Brickhill et al., 2005). Thus,
uncovering the trophic characteristics will shed light on the
mechanism of these man-made structures involved in habitat
restoration and fishery conservation and facilitate ecosystem-
based approaches to fisheries finally.

As a common tool in depicting the characteristics of aquatic
ecosystems, Ecopath with Ecosim (EwE) is now generally applied
in assessing the sustainability, productivity, and resilience of an
ecosystem (Polovina, 1984; Colléter et al., 2015; Abdou et al.,
2020) and tracking the effects of anthropogenic and
environmental stressors on ecosystems (Shin and Shannon,
2010; Reed et al., 2017). This model considers both the fishing
impacts on target and non-target species and interactions
between ecosystem components, thus providing a better
understanding of implementing an ecosystem-based approach
to fisheries management. In China, the application of EwE has
extended to the artificial reef ecosystems over the years, such as
Lidao (Wu et al., 2016), Laoshan Bay (Liu et al., 2019), and
Laizhou Bay (Xu et al., 2019). Relevant studies analyzed trophic
interactions and energy transfer between different functional
groups and assessed the impact of artificial reefs on the
original ecosystem functions in detail, which supplies
important data and theories for the establishment of artificial
reefs subsequently. Nevertheless, comparative studies on
artificial reefs before and after deployments, and on ecosystems
Frontiers in Marine Science | www.frontiersin.org 2
between artificial reefs and natural reefs remain limited (Lee and
Zhang, 2018; Xu et al., 2019), which hinders our further
evaluation of how well an artificial reef system performs after
years’ development, especially when compared to its
natural counterpart.

Over the past dozen years, to cope with coastal pollution
(such as nutrition overloading) caused by anthropogenic
activities and prevent bottom trawling, along with supporting
habitat as well as marine aquatic resources rehabilitation,
artificial reefs were deployed extensively in the coastal Yellow
Sea, China. Accordingly, to assess the ecological and economic
values brought by these man-made reefs and check whether their
goals are achieved, a large amount of empirical data were
collected based on the community composition and
biodiversity (Wu et al., 2019; Zhou et al., 2019; Yu et al.,
2020). Relevant studies generally underlined the higher
biodiversity and fishery abundance after the reef was
constructed, and they have pointed out that the reef design,
submersion period, and environmental conditions also had an
impact on the biological communities. Yet whether these
artificial structures evolve to be identical to the natural reefs in
terms of ecosystems functions remains unclear and warrants
comparative research. In the current study, we characterized the
potential difference in trophic structure and energy flow between
an established artificial reef located on the coast of the Yellow
Sea, China, and an adjacent natural reef ecosystem based on the
Ecopath model. We aimed to illustrate how an artificial
ecosystem developed after years’ deployment by comparing the
trophic characteristics of two reef types. Our results are expected
to provide reference cases and data support for the artificial reef
establishment in the future.
2 MATERIAL AND METHODS

2.1 Study Area
This study was conducted on the coast of the Yellow Sea, China
(Figure 1). The artificial reef was constructed in 2009 and
distributed over an area of approximately 1,200 km2. All the
reef modules were made of rocks or concrete cubes with holes
(3 m × 3 m × 3 m) and had a depth of 10–20 m on soft sediment
bottom. The natural reef, ca. 18 km west of the artificial reef,
situates close to Yangma Island and is composed mainly of rocky
stone. This natural rocky area is also interspersed with sediment
bottoms, extending toward the offshore and reaching a
maximum depth of 20 m.
2.2 Ecopath Models
EwE 6.5 software (Christensen and Walters, 2004; Christensen
et al., 2008) was used as the construction platform for the
Ecopath model here. The Ecopath model is composed of
multiple interrelated functional groups, which must be
qualified to represent the biological components in the
ecosystem. All functional groups need to cover the entire
process of energy flow in the ecosystem, and the oval
May 2022 | Volume 9 | Article 911714
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operation process complies with the following equation:

Bi � (
P
B
)i � EEi =o

j

j=1
Bj �

Q
B

� �
j
�DCij + Yi + BAi + Ei

where Bi is the biomass (t·km−2) of functional group i, Bj is the
biomass of the consumer group j, (P/B)i is the production/
biomass ratio of group i, (Q/B)j is the consumption to biomass
ratio for the group j, EEi is the ecotrophic efficiency (the utilized
proportion of the production in the ecosystem), DCij is the
proportion of prey i in the diet of predator j, Yi is the fishery
catch rate of group i, BAi is the biomass accumulation of group i,
and Ei is the net migration rate of group i. Here in the model, the
simulation duration at 1 year was set, and the ecosystem was
assumed in a stable state based on the literature suggestion
(Christensen et al., 2008; Heymans et al., 2016), that is, BAi =
0, Ei = 0 for both artificial and natural cases.

2.2.1 Data Sources
Based on similarities in biological characteristics, feeding
strategies, and ecological functions, the species included were
clustered into 18 functional groups for both artificial and natural
models, respectively (Table 1). And considering dominant
species (measured from bottom fishery surveys) all year round
coupled with their ecological and economic values, each of
Korean Rockfish Sebastes schlegel i i , Fat Greenlings
Hexagrammos otakii, Japanese swimming crab Charybdis
japonica, Pacific Oysters Crassostrea gigas, and Fang’s blenny
Enedrias fangi was divided into a functional group separately.

As for input parameters (B, P/B, Q/B, diet matrix DC, and
catches Y) required in the model, empirical data wherever possible
were used; otherwise, references and estimates from the model
equations were used. Field samplings were undertaken in
February, May, August, and November 2019, and the mean
value of corresponding parameters was included in the models.
For bottom fishery organisms, trap nets and trawl nets were used
in or around both reef types. Sessile organisms (i.e., bivalves and
Frontiers in Marine Science | www.frontiersin.org 3
macroalgae) were collected and measured by using 0.5 × 0.5 m
quadrats by scuba diving, with at least three replicates at each
station seasonally. The macrobenthos was sampled by box dredger
with a 0.1-m2 area, and the zooplankton was obtained by plankton
net with 505-mm mesh size. The biomass of phytoplankton was
measured by converting the average annual chlorophyll
concentration (mg/m3) to biomass (Sandu et al., 2003). For the
biomass of each functional group input in the Ecopath model at
both reef types, the details are shown in Table 2.

The P/B and Q/B ratios offish and other functional groups, as
well as the production and biomass of heterotrophic bacteria and
detritus in water, were obtained from FishBase (www.fishbase.
org), and relevant publications were carried out in areas nearby
or with the same latitude worldwide (Okey et al., 2004; Ouyang
and Guo, 2010; Wu et al., 2016; Xu et al., 2019). The input B
value of each functional group was the sum of a weighted average
of its internal members’ biomass, and the weights of each
member were mainly based on their biomass ratio in the
functional group (Table 2). The diet composition matrix
(Table 3) was mainly from the result of our previous studies
(Zhang et al., 2021a; Zhang et al., 2021b), together with published
literature on feeding ecology in nearby areas (Yang, 2001a; Yang,
2001b; Zhang et al., 2012; Zhang, 2018) and FishBase. As
biomass and diet composition were usually the most uncertain
parameters among that input, they were slightly adjusted to
achieve mass balance of the model whenever necessary.

2.2.2 Model Balancing and Ecological Indicators
The Ecopath model was debugged according to Heymans et al.
(2016), until balanced. Before the model was run, it was checked
whether the parameter values had biological credibility. After the
model parameters were initialized, the 0 < EE ≤ 1 and P/Q < 0.5
of each functional group were adjusted to ensure the model
balance. Considering the reliability and accuracy of model
parameters are the main factors affecting model quality, the
pedigree index (p-value) was calculated to reflect the sensitivity
of the model and quantify the uncertainty of the input
FIGURE 1 | Study locations of artificial reefs and natural reefs on the coast of Yellow Sea, China.
May 2022 | Volume 9 | Article 911714
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parameters (Christensen andWalters, 2004). The p-value of each
functional group was finally integrated and unified into the
overall P index, to evaluate the overall quality of the Ecopath
model. Besides, sensitivity analyses were performed on both
Ecopath models to test the effects of input parameter variation
(−50% to 50%) on the estimated parameters. A mixed trophic
impact (MTI) analysis was also conducted to assess the direct
and indirect trophic interactions among compartments,
including impacts of fishery practices throughout the system
(Ulanowicz and Puccia, 1990; Christensen et al., 2008). This
routine would evaluate the influence of small biomass increases
of one group on the biomass of other groups, thus providing a
manner of sensitivity analysis.

Ecological indicators were calculated based on network
analysis (Ulanowicz, 1986). Specifically, the total system
throughput (TST) was considered, which is consist of total
consumption (TC), total exports (TEX), total respiration (TR),
and total flows into detritus (TDET), to measure the ecological
size of a system (Finn, 1976) and its metabolism (Ortiz et al.,
2015). More descriptive indicators, such as total primary
production (TPP) and total biomass (TB), characterize the
overall activity and the size of the ecosystem (Latham, 2006;
Frontiers in Marine Science | www.frontiersin.org 4
Ortiz et al., 2015). Net system production (NSP), the difference
value between TPP and TR, represents the sum of the
productivity of all producers. TPP/TR describes system
maturity (Odum, 1969; Christensen, 1995). Mean transfer
efficiency (MTE) within trophic levels (TLs), measures the
efficiency of energy utilization of each TL in the system
(Christensen et al., 2008). Connectance index (CI) and system
omnivory index (SOI) reflect the complexity of the system’s
internal connections (Christensen and Walters, 2004;
Libralato, 2013).
3 RESULT

3.1 Overall Characteristics of Ecosystem
Energy Flow
The P index in each model was 0.469, which sits in the middle of
those values obtained from more than 150 Ecopath models
worldwide (Morissete et al., 2006), indicating the input and
statistics data quality were of good reliability and credibility to
a certain degree. The sensitivity of the estimated parameters to
TABLE 1 | Species composition of functional groups in the nearshore artificial and the natural reefs of Yellow Sea, China.

Area Functional
group

Taxon

Artificial
reefs

Shellfish-killers Asterias amurensis, Asteri pectinifera, Luidia quiria, Rapa venosa
Hexagrammos
otakii

H. otakii

Benthivores Acanthopagrus schlegelii, Apogon lineatus, Argyrosomus argentatus, Chirolophis japonicus, Conger myriaster, Ernogrammus hexagrammus,
Eupleurogrammus muticus, Konosirus punctatus, Larimichthys polyactis, Liparis takae, Liza haematocheila, Paralichthys olivaceus,
Platycephalus indicus, Pseudopleuronectes yokohamae, Sebastes marmoratus, Sillago sihama

Enedrias fangi E. fangi
Planktivores Ammodytes persotus, Engraulis japonicus, Sardinella zusi, Thryssa kammalensis
Crustacean Alpheus distinguendus, Alpheus japonicus, Carcinoplax vestitus, Crangon affinis, Eualus sinensis, Heptacarpus futilirostries, Litopenaeus

vannamei, Oratosquilla oratoria, Paguridae, Palaemon gravieri, Palaemon ortmanni, Portunus trituberculatus, Pugettia quadridens,
Trachysalambria curvirostris

Charybdis
japonica

C. japonica

Gastropoda Tectonatica janthostomoides, Neverita didyma, Pleurobracheaea novaezealandiae
Cephalopoda Loligo japonica, Octopus ocellatus, Octopus variabilis, Sepiola birostrata
Gobiidae Acanthogobius flavimanus, Acanthogobius ommaturus, Amblychaeturichthys hexanema, Chaemrichthys stigmatias, Myersi filifer, Pterogobius

zacalles, Tridentiger barbatus, Tridentiger trigonocephalus
Sebastes
schlegelii

S. schlegelii

Piscivores Lateolabrax japonicus, Pneumatophorus japonicus, Saurida elongata, Scomberomorus niphonius
Natural
reefs

Shellfish-killers A. amurensis, A. pectinifera, L. quiria, R. venosa
H. otakii H. otakii
Benthivores A. schlegelii, A. lineatus, A. argentatus, Chelidonichthys spinosus, C. japonicus, C. myriaster, E. hexagrammus, E. muticus, K. punctatus, L.

polyactis, L. takae, L. haematocheila, P. olivaceus, P. indicus, P. yokohamae, S. marmoratus, S. sihama, Takifugu vermicularis, Takifugu
xanthopterus, Thamconus modestus

E. fangi E. fangi
Planktivores A. persotus, E. japonicus, S. zusi, Setipin tenuifilis, T. kammalensis
Crustacean A. distinguendus, A. japonicus, C. vestitus, C. affinis, H. futilirostries, O. oratoria, Paguridae, P. gravieri, P. ortmanni, Peeus monodon, P.

trituberculatus, P. quadridens, T. curvirostris
C. japonica C. japonica
Gastropoda N. didyma, P. novaezealandiae
Cephalopoda L. japonica, O. ocellatus, O. variabilis
Gobiidae A. ommaturus, A. hexanema, C. stigmatias, M. filifer, P. zacalles, T. barbatus, T. trigonocephalus
S. schlegelii S. schlegelii
Piscivores L. japonicus, P. japonicus, S. elongata, S. niphonius, Sphyrae pinguis
May 2022 | Volume 9 | Article 911714
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changes in input parameters of different functional groups
depends on the degree of trophic linkages between these
functional groups. Results showed that the resulting change in
the estimated parameter ranged from −39.8% to 194.3%. The
first six most sensitive estimated parameters were extracted in
each model and visualized in Figure 2. Apart from two groups
exhibiting a remarkable change in the estimated parameters, i.e.,
effects of Gastropoda (P/B) on Gastropoda (B) and effects of
Infanna (EE) on Infauna (B), the other five groups of input
parameters in both artificial and natural Ecopath models had a
slight effect on the estimated parameters. The change in P/B
value for the Gastropoda group had a great influence on the
corresponding biomass estimation. When P/B decreased by 50%,
the estimated biomass of Gastropoda increased by 194.3%.When
EE of other benthic animals decreased by 50%, the estimation of
corresponding biomass changed by 100% (Figure 2). The
sensitivity analysis indicated that most estimated parameters
were insensitive to changes in input parameters in both
reef models.

The aggregated summary statistics and indicators of network
flow and ecosystem structure for each model are listed in
Table 4. For the artificial system, the TST was 9,490.48
Frontiers in Marine Science | www.frontiersin.org 5
t·km−2·year−1, comprising percentage contributions of TC
(39.6%), TR (23.07%), TEX (11.28%), and TDET (26.05%). For
the natural system, TST was 6,455.47 t·km−2·year−1, of which
35.53% was consumed, 19.24% was respired, 17.91% was
exported, and 27.32% flowed to detritus. TDET values
accounted for over 26% of the TST for both cases, indicating
that re-entering the ecosystem and recycling subsequently were
the main ways of energy utilization for both reef systems, and
energy underutilization occurred in each case. The TPP/TR and
CI values were higher in the artificial system relative to its natural
counterpart, while SOI values were similar for both
cases (Table 4).

3.2 Trophic Levels and Energy Distribution
In each balanced model, the highest TL emerged in S. schlegelii
(3.94 and 3.96 in the artificial and natural systems, respectively)
among fish groups, followed by H. otakii (3.70 and 3.74 in the
artificial and natural reef systems, respectively). Similarly,
Cephalopods displayed the highest TL among invertebrates,
with 3.72 and 3.71 in the artificial and natural models,
respectively. Overall, the biomass at both reef types complies
with the “pyramid” law, where low TL species accounted for a
TABLE 2 | Initial input and estimated parameters (in bold) in the Ecopath models of the artificial and natural reefs on the coast of Yellow Sea, China.

Area No. Functional group Trophic level Biomass (t/km²) Production/biomass Q/B EE

Artificial reefs 1 Planktivores 2.6 0.18 2.37 8.98 0.143
2 Piscivores 3.65 0.03 0.8 4.5 0
3 Sebastes schlegelii 3.94 0.73 1.01 5.3 0.002
4 Hexagrammos otakii 3.7 0.33 0.92 4.95 0
5 Benthivores 3.51 1.2 2.6 4.95 0.743
6 Enedrias fangi 2.97 1.36 2.79 9.97 0.685
7 Gobiidae 3.36 2.06 1.98 5.7 0.924
8 Cephalopoda 3.72 0.59 3.3 11.2 0.318
9 Charybdis japonica 3.19 1.69 1.5 9.6 0.915
10 Crustacean 2.77 3.22 5.6 15.9 0.996
11 Gastropoda 2.11 1.58 4.43 17.2 0.8
12 Shellfish-killers 3 1.56 0.8 2.82 0.166
13 Crassostrea gigas 2 28.59 6 10.5 0.045
14 Infauna 2.11 17.08 1.67 8.35 0.96
15 Zooplankton 2 13.98 25 122.1 0.107
16 Phytoplankton 1 16.7 106.2 0.861
17 Algae 1 63.13 9.88 0.08
18 Detritus 1 24.87 0.345

Natural reefs 1 Planktivores 2.61 0.21 2.37 8.98 0.154
2 Piscivores 3.66 0.05 0.8 4.5 0
3 S. schlegelii 3.96 0.46 1.01 5.3 0.004
4 H. otakii 3.74 0.41 0.92 4.95 0
5 Benthivores 3.5 1.54 2.6 4.95 0.921
6 E. fangi 2.98 2.28 2.79 9.97 0.358
7 Gobiidae 3.36 5.3 1.59 5.7 0.602
8 Cephalopoda 3.71 0.65 3.3 11.2 0.589
9 C. japonica 3.18 1.98 1.5 9.6 0.872
10 Crustacean 2.76 4.45 7.6 26.9 0.981
11 Gastropoda 2.11 2.47 4.43 17.2 0.8
12 Shellfish-killers 3 1.58 1.3 4.7 0.334
13 C. gigas 2 65.19 6 27 0.029
14 Infauna 2.11 35.33 1.67 8.35 0.96
15 Zooplankton 2 11.8 25 122.1 0.249
16 Phytoplankton 1 19.41 106.2 0.996
17 Algae 1 121.17 9.88 0.086
18 Detritus 1 52 0.567
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large portion, and the biomass reduced gradually with increasing
TL (Figure 3).

Energy flows in both models were derived directly from
detritus or indirectly from primary production by detritus- or
grazing-based food chains, respectively (Figure 3). The majority
of energy flows converged between integrated TLs I, II, and III
for each reef system, collectively accounting for over 95% of TST
for both cases (Figure 4). The total energy flowing into the
detritus was 1,484 and 1,932 t·km−2·year−1 in the artificial and
natural systems, respectively, to which principally contributed by
primary producers (55.25% and 57.03% in artificial and natural
models, respectively) and TL II taxa (43.7% and 41.46% in
artificial and natural models, respectively), mainly zooplankton
and benthic invertebrates. The TPP of artificial and natural
systems was 2,396.8 and 3,258.4 t·km−2·year−1, respectively, of
which 65.8% and 66.16% flow into TL II, respectively. Besides,
the consumption of detritus by TL II was also high in each
model (Figure 4).

Overall, the MTE in the artificial model (10.56%) was similar
to that in the natural system (10.21%), both of which were in
proximity to the desired Lindeman efficiency of 10% (Lindeman,
1991). In the natural system, the MTE from the detritus (10.36%)
Frontiers in Marine Science | www.frontiersin.org 6
was nearly the same as that of primary producers (10.11%), but
in the artificial system, the MTE from the detritus (9.86%) was
lower than that from the primary producers (12.03%). Moreover,
the highest transfer efficiency from primary producers (19.26%)
and detritus (19.64%) occurred in TL III in the artificial model,
while these two parameters (16.23% and 16.28%, respectively)
peaked at TL IV in the natural model.
3.3 Mixed Trophic Impact Analysis
Direct and indirect trophic interactions in both systems are
revealed based on MTI analysis (Figure 5). Overall, the bait
groups had positive effects on their predators, while the predator
groups posed a direct or indirect negative effect on other groups,
such as the planktonic group and piscivorous group, E. fangi and
S. schlegelii. The diagonal line indicating negative effects also
represents the interspecific competition in diet (Figure 5). No
significant correlation was detected between two top predators, S.
schlegelii and H. otakii, indicating that there is no fierce
predation or competition between them. Moreover, as basal
food sources, the algae, phytoplankton, and detritus displayed
positive impacts on most functional groups.
TABLE 3 | Diet matrix imported into the Ecopath models of the artificial and natural reefs on the coast of Yellow Sea, China.

Area No. Functional group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Artificial reefs 1 Planktivores 0.37 0
2 Piscivores
3 Sebastes schlegelii 0.01
4 Hexagrammos otakii
5 Benthivores 0.03 0.03 0.03 0.03 0.06 0.01
6 Enedrias fangi 0.22 0.36 0.09 0.05 0.02
7 Gobiidae 0.09 0.16 0.24 0.15 0.03 0.05 0.04 0.01
8 Cephalopoda 0 0 0 0 0 0 0.01
9 Charybdis japonica 0.03 0.32
10 Crustacean 0.06 0.05 0.47 0.5 0.26 0.11 0.29 0.02 0.16 0.12
11 Gastropoda 0 0.05 0.14 0.03 0.05
12 Shellfish-killers 0.04
13 Crassostrea gigas 0.2 1
14 Infauna 0.01 0.13 0.16 0.2 0.46 0.06 0.23 0.27
15 Zooplankton 0.5 0.24 0.1 0.07 0.57 0.19 0.26 0.14 0.05 0.11
16 Phytoplankton 0.2 0.03 0.2 0.5 0.04 0.8
17 Algae 0.03 0.17 0.2 0.25
18 Detritus 0.24 0.1 0.13 0.15 0.24 0.5 0.5 0.6 0.2

Natural reefs 1 Planktivores 0.37 0
2 Piscivores
3 S. schlegelii 0.01
4 H. otakii
5 Benthivores 0.03 0.03 0.03 0.03 0.06 0.01
6 E. fangi 0.22 0.33 0 0.09 0.05 0.02
7 Gobiidae 0.09 0.18 0.13 0.15 0.03 0.05 0.04 0.01
8 Cephalopoda 0 0.02 0.01 0 0 0 0.01
9 C. japonica 0.03 0.32
10 Crustacean 0.06 0.05 0.47 0.74 0.26 0.11 0.29 0.02 0.16 0.12
11 Gastropoda 0 0.05 0.14 0.03 0.05
12 Shellfish-killers 0.04
13 C. gigas 0.2 1
14 Infauna 0 0.08 0.16 0.2 0.46 0.06 0.23 0.27
15 Zooplankton 0.5 0.24 0.07 0.57 0.19 0.26 0.14 0.05 0.11
16 Phytoplankton 0.2 0.03 0.2 0.5 0.04 0.8
17 Algae 0.03 0.17 0.2 0.25
18 Detritus 0.24 0.1 0.13 0.15 0.24 0.5 0.5 0.6 0.2
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4 DISCUSSION

4.1 Model Quality Evaluation
The Ecopath model synthesizes existing knowledge into a
quantitative relationship that explains the overall ecosystem
functioning and allows comparisons of organic matter input and
transfer along with the food-web dynamics between the artificial
Frontiers in Marine Science | www.frontiersin.org 7
and natural systems. The p-values in each model were not at a very
high level, implying that our models may be not sufficiently time-
sensitive and that the applicability of the conclusions still needs the
supplement of new empirical data. Due to the limitations of
geographical conditions in situ and the restrictions on sampling
methods (for instance, the scattered fishing activities in the local
area made the fishery catches hard to estimate; the bottom trawling
FIGURE 2 | Partial sensitivity analysis of Ecopath model for artificial reef and natural reef ecosystems. (A) Effects of Gastropoda (P/B) on Gastropoda (B) of Ecopath
model for artificial reef and natural reef ecosystems. (B) Effects of Infauna (EE) on Infauna (B) of Ecopath model for artificial reef and natural reef ecosystems. (C)
Effects of Charybdis japonica (B) on Infauna (B) of Ecopath model for artificial reef ecosystem. (D) Effects of Gobiidae (B) on Infauna (B) of Ecopath model for artificial
reef ecosystem. (E) Effects of Crustacean (B) on Infauna (B) of Ecopath model for artificial reef ecosystem. (F) Effects of Crustacean (B) on Gastropoda (B) of
Ecopath model for artificial reef ecosystem. (G) Effects of C. japonica (B) on Gastropoda (B) of Ecopath model for artificial reef ecosystem. (H) Effects of C. japonica
(B) on Infauna (B) of Ecopath model for natural reef ecosystem. (I) Effects of Gobiidae (B) on Infauna (B) of Ecopath model for Natural Reef ecosystem. (J) Effects of
Crustacean (B) on Infauna (B) of Ecopath model for Natural Reef ecosystem. (K) Effects of Crustacean (B) on Gastropoda (B) of Ecopath model for natural reef
ecosystem. (L) Effects of C. japonica (B) on Gastropoda (B) of Ecopath model for natural reef ecosystem.
TABLE 4 | Comparisons of ecosystem attributes estimated by balanced Ecopath model between the nearshore artificial reef (AR) and the natural reef (NR) in Yellow
Sea, China, and other costal reef areas.

Locations This study LZB LSB ZZD LD SS ZW GQD GA

Reef types ARs NRs ARs ARs ARs ARs ARs ARs Kelp bed NRs

Total consumption, TC 2,293.68 3,758.46 1,675.48 5,928.58 13,768.62 —— 2,249.94 1,839.5 12,307.12 51600
Total export, TEX 1,155.9 1,070.26 309.68 400.77 7,962.42 —— 481.92 34.99 2,060.81 -5412
Total respiration, TR 1,242.18 2,189.62 836.73 3,166.59 6,622.08 —— 1,249.06 991.91 7,126.78 27638
Total flows into detritus, TDET 1,763.71 2,472.15 1,102.61 9,694.43 9,872.45 4,552.64 1,179.14 523.73 6,524.31 21024
Total system throughput, TST 6,455.47 9,490.48 3,924.49 14,256.51 18,939.09 11104 5160 3,390.13 28019 94850
Total production, TP 2,989.53 4,075.55 855.32 3,657.35 14,546.27 4,990.3 2282 1,506.59 11604 17337
Net system production, NSP 1,154.58 1,068.78 556.2 —— 1,865.2 480.89 34.99 8,883.74 13250
Total biomass, TB (excluding detritus) 154.01 274.26 176.88 262.2 986.98 620.2 61.77 1,506.59 2620
Mean transfer efficiency, MTE 10.56% 10.21% 15.09% 10.80% 14.50% 11.70% 13.60% 12.80% 12.70% ——

Total primary production/total respiration, TPP/TR 1.93 1.49 0.67 1.13 2.2 1.84 1.39 1.04 1.25 0.48
Connectance index, CI 0.3 0.27 0.236 0.293 0.2 0.32 0.444 0.331 0.16
System omnivory index, SOI 0.2 0.19 0.188 0.333 0.12 0.14 0.36 0.222 0.25
May 20
22 | Volume
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LZB, Laizhou Bay (Xu et al., 2019); LSB, Laoshan Bay (Liu et al., 2019); ZZD, Zhangzidao (Xu et al., 2016); LD, Lidao (Wu et al., 2016); SS, Shengsi (Li et al., 2007); ZW, Zhuwang, Laizhou
Bay (Yang et al., 2016); GQD, Gouqidao (Zhao et al., 2010); GA, Galapagos Archipelago (Okey et al., 2004).
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could only be executed in an adjacent area other than in reef area),
the model precision is unguaranteed generally. Furthermore,
uncertainties in input parameters (e.g., dietary composition, P/B,
and Q/B) for some functional groups also increased the difficulties
in the model construction. To overcome the disadvantages, we kept
consistent the survey methods, sampling time, and post-data
Frontiers in Marine Science | www.frontiersin.org 8
processing procedures at both reef types during the model
construction to guarantee that the “distortion” degree in the two
models is comparable. As this study aimed to emphasize the
comparison of energy flow characteristics, detecting the “potential
gap” on the same parameters to reflect the difference in structure
and function between two types of reef systems was more
FIGURE 3 | Trophic structure of the artificial and natural reef ecosystems on the coast of Yellow Sea, China. Circle size represents the biomass proportion.
FIGURE 4 | Lindeman spine diagram at the artificial and natural reef ecosystems on the coast of Yellow Sea, China.
May 2022 | Volume 9 | Article 911714
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underlined. Insufficiency or difficulties in quantifying the biological
resource also indicate new requirements for future research in reef
areas, where optimizing the experimental plan and improving
survey methods should be paid more attention.

4.2 Overall System Characteristics
Both types of reef ecosystems were characterized by high biomass
of algae, filter-feeding shellfish (C. gigas), and crustaceans
(Table 2). The dominance of consumers with lower TLs
probably results from the high productivity and standing crop
of benthic macroalgae in each area, which has also been
documented previously in other coastal systems (Okey et al.,
2004; Wu et al., 2016). As representing organisms in reef areas, S.
schlegelii andH. otakii occupied the top two positions in biomass
and TLs in both models, which once again confirms that the
artificial reefs could support the aggregation of reeffishes (Streich
et al., 2017; Cresson et al., 2019).

The TPP of the artificial reef system was lower relative to its
natural counterpart, generally indicating that there remains
plenty of scope for the artificial ecosystem in scale. Apart from
the disparity of the development duration, this can be explained
by the smaller area of the artificial reef, supporting less
colonization of sessile filter feeders (e.g., C. gigas) and benthic
micro- and macroalgae when compared to the natural reef.
Additionally, man-made modules were arranged in a regular
manner, leading to a more homogeneous habitat. This pattern
may only attract reef-associated species and will confine the
development of the biodiversity even if the whole ecosystem has
been formed for a long term. Previous studies have also implied
that other conservation actions could impact the development of
the artificial reef, such as establishing marine protected areas and
reducing overfishing and unsustainable fishing practices (Baine,
2001; Lima et al., 2019). Hence, long-term monitoring in
Frontiers in Marine Science | www.frontiersin.org 9
conjunction with conservation actions is advised to estimate
the scale of developing the artificial reef.

Compared with other identical reef ecosystems in China and
Galapagos, Ecuador (Table 4), the scales of both artificial and
natural reef systems in this study stay at a medium level, with the
TPPs merely higher than those of Laizhou Bay (Xu et al., 2019)
and Shengsi (Li et al., 2007) but lower than those of Laoshan Bay
(Liu et al., 2019), Zhangzidao (Xu et al., 2016), Zhuwang,
Laizhou Bay (Yang et al., 2016), Lidao (Wu et al., 2016),
Gouqidao (Zhao et al., 2010), and Galapagos Archipelago
(Okey et al., 2004). The aforementioned differences can be
explained by the spatial heterogeneity of the ecological
environment in different study areas, where the nutrient
richness, current condition, and chlorophyll-a content would
directly affect the primary productivity, while differences in the
substrate environment may also cause geographical differences in
community structures (Mills et al., 2017). In addition, differences
in data collection and model debugging during the model
building could also be non-negligible factors.

4.3 Energy Flow and Transfer Efficiency
Between Trophic Levels
The overall energy flow distribution showed a gradual decrease
from low TL to high TL, which is in line with the energy
“pyramid” principle. Both the intake proportion of TL I and the
TPP proportion of TL I and II in the two models were high,
indicating that low TLs composed mainly of macroalgae,
phytoplankton, and detritus are the main energy sources in
both reef ecosystems. Based on the energy proportion of each
TL flowing into the detritus, both TL I and TL II were
underutilized, while those above were more utilized for each
case, which is in agreement with the conclusion that the
detritus-based pathway dominates in the temperate reef
FIGURE 5 | Mix trophic impacts analysis for the artificial and natural reef ecosystems on the coast of Yellow Sea, China. Positive impacts are denoted in blue
rectangles while negative impacts in red rectangles, and the color concentration represents the impact strength.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Zhang et al. Ecopath Models Applied in Artificial Reefs
ecosystem (Pinkerton et al., 2008). Energy derived from TLs I
and II was blocked up to the classical food chain, which
probably is attributed to the insufficient biomass of
consumers. For example, grazing groups (such as sea urchins
and abalone) in both areas were nearly absent, which cannot
effectively transfer the amount of primary productivity to the
next TL directly.

Studies have found that a considerable part of macroalgae will
decay and settle on the seafloor, which will firstly be decomposed
by bacteria and then enter the debris channel to provide energy
for other TLs indirectly (Schaal et al., 2010). According to
Krumhansl and Scheibling (2012), the global average rate of
detritus derived from kelps accounts for ca. 82% of the annual
kelp productivity. As the energy of TL I flowing to the detritus is
lower in the artificial system than in the natural system here, this
is probably related to the spatial difference in algae provision.
Overall, the natural reef covers a larger area than the artificial reef
and may across multiple water columns, thus facilitating the
colonization and growth of more macroalgae. Alternatively, the
natural reef area is located near an island, where abundant algae
detritus in the intertidal zone would inevitably flow into the
natural system and provides significant energy subsidies for the
enhancement of benthos stock. Conversely, most of the reef
structures were deployed at a depth of no less than 15 m, where
sunshine penetration was lower, thus weakening the production
of algae. Furthermore, the surroundings of the artificial reef
featured sediment mixed with sand, and the external input of
detritus was lower.

Based on Figure 4, we observed that the highest transfer
efficiency occurred differently in both reef ecosystems. The
highest transfer efficiency in the artificial reef occurred in TL
III, above which the transfer efficiency went down dramatically.
This reflects the pivotal roles of invertebrates, especially
crustaceans and other functional groups with low TLs, in the
artificial reef food web. In contrast, the highest transfer efficiency
went to the TL IV in the natural reef, indicating that higher TLs
still had an obvious regulation on the food web. This difference is
probably related to the development time of the ecosystem. For a
newly established ecosystem, the ecosystem functioning depends
on the phase of community succession, which means the
network of energy, nutrients, and organic matter fluxes will be
incomplete prior to the community being mature, and this
process always undergoes long periods. Previous studies have
observed that artificial reefs with similar structural features
supported fish communities similar to those found on natural
reefs, after several years’ deployment (Perkol-Finkel et al., 2006;
Granneman and Steele, 2015; Paxton et al., 2020). However, the
recovery of the community metrics does not mean a function
recovery, since the latter will take more time than the former
(James et al., 2020). The geographical difference could be another
reason for the difference above. For instance, the hydrological
condition and the complexity of substrate structure would
impose on the habitat diversity, which will have an effect on
the biodiversity and the ecosystem functions at last. The average
transfer efficiency in both natural and artificial reef systems was
Frontiers in Marine Science | www.frontiersin.org 10
similar to the Lindeman efficiency (10%) (Lindeman, 1942) and
the average result from 48 global aquatic ecosystems (10.1%)
(Pauly and Christensen, 1995), and this result suggests not only
the characteristics of temperate coastal ecosystems but also the
overall health of both reef ecosystems in energy flow.

4.4 System Maturity and Stability
Usually, the TPP/TR ratio is used to indicate the maturity of an
ecosystem (Odum, 1969). As one of the principal features of
mature ecosystems, TPP/TR close to 1 implies that all primary
production is used for respiration with no residual production
left. In the early stage of an ecosystem, TPP/TR ratio tends to be
greater than 1, because the structure of the food web’s
incomplete, and the primary production cannot be fully
utilized. Later on, the ecosystem gets fully matured with the
development of the system when the TB tends to be the
maximum, and the corresponding TPP/TR ratio will get
smaller. In the current study, the TPP/TR ratio in natural and
artificial reef systems was slightly higher than that in Zhuwang,
Laizhou Bay (Yang et al., 2016), Shengsi (Li et al., 2007), and
Laoshan Bay (Liu et al., 2019) when compared to other similar
ecosystems with parallel latitudes, reflecting the maturity
difference caused by spatial and temporal variation. CI and
SOI are indices elucidating the ecosystem complexity, as their
higher values indicate more complex population interactions.
Here, the CI and SOI values in the artificial reef system were
slightly higher than those in the natural reef system and were not
significantly different from other ecosystems with identical
latitudes. Therefore, it can be concluded that excess production
can be reutilized in artificial systems than its natural counterpart.
This indicates that the artificial reef system is less mature than
the natural reef, even though it has formed a relatively complex
interspecific relationship and high stability. Using the Ecopath
model, Pitcher et al. (2002) proposed that it would take 10 to 25
years for artificial reefs to have a significant positive effect on
local biological resources, and they highlighted the necessity to
extend the fishing moratorium to magnify the post-reef effect. In
the present study, the artificial reef is less than 10 years old, and
the changes in ecological functions of which during the
developing time still need to be further tracked and monitored.
On the other hand, we notice that the natural reef system seemed
to be inadequate compared to other ecosystems with parallel
latitudes in terms of maturity (Table 4). This could be owing to
the marine aquaculture and other fishery activities around the
natural reefs, which would probably interfere with the normal
ecosystem functioning and weaken its maturity if the variation
was not caused by geographical heterogeneity. This also reminds
us to strengthen the restoration and protection of islands and
reefs in the future, by regulating the development and utilization
activities, to maintain or restore their original ecological
functions gradually.

Our work compares the system characteristics including
trophic structures and energy flow between the artificial and
natural reef ecosystems. However, regional‐scale heterogeneity in
initial environment characteristics (e.g., currents, nutrients, and
May 2022 | Volume 9 | Article 911714
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terrigenous inputs) was not included here due to inadequate data
recording, which may interfere with the comparison and weaken
the robustness of conclusions. Theoretically, comparisons
between two types of reefs should be performed in areas with
comparable environmental conditions initially, to underscore the
ecosystem changes in situ with the deployed ages of artificial
reefs. Yet areas with optimal conditions are hard to find
practically, which probably explains why studies of interest are
relatively few. With results of the present study as a base, future
work on artificial reefs could be directed toward a better data
recording prior to and after artificial reef projects, to provide
more information about not only the successional process of
biota communities but also more complete trajectories of the
ecosystem functioning development.
5 CONCLUSIONS

With the establishment of Ecopath models at two types of the
reef on the coast of the Yellow Sea, China, this study performed
comparisons of trophic structure and energy flow between
artificial and natural reef systems. The TPP was estimated to
be lower in the artificial system than in the natural reef system,
indicating that there is still development potential for the
artificial reef. A large proportion of energy was occupied by
medium and low TLs in each system, reflecting that the primary
production (macroalgae and phytoplankton) and detritus were
the main energy sources driving both systems, and the detritus-
based channel played a dominant role. Both systems were highly
consistent in terms of the energy transfer efficiency, which was
close to the Lindeman efficiency (10%), reflecting the good
operation of the energy flow for both reef systems. Moreover,
Frontiers in Marine Science | www.frontiersin.org 11
the models estimated that there is still a gap between the artificial
and natural systems with regard to maturity, but the former has
developed relatively complex interspecific interaction and
high stability.
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