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Abstract

This study used Ecopath model of the Jiaozhou Bay as an example to evaluate the effect of stomach sample size of
three fish species on the projection of this model. The derived ecosystem indices were classified into three
categories: (1) direct indices, like the trophic level of species, influenced by stomach sample size directly; (2)
indirect indices, like ecology efficiency (EE) of invertebrates, influenced by the multiple prey-predator
relationships; and (3) systemic indices, like total system throughout (TST), describing the status of the whole
ecosystem. The influences of different stomach sample sizes on these indices were evaluated. The results suggest
that systemic indices of the ecosystem model were robust to stomach sample sizes, whereas specific indices
related to species were indicated to be with low accuracy and precision when stomach samples were insufficient.
The indices became more uncertain when the stomach sample sizes varied for more species. This study enhances
the understanding of how the quality of diet composition data influences ecosystem modeling outputs. The
results can also guide the design of stomach content analysis for developing ecosystem models.
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1 Introduction

An increasing consideration of interactions among different
components in the whole ecosystem, has prompted the call to
develop ecosystem-based fisheries management (EBFM) (Plagényi,
2007). Instead of focusing solely on an individual component of
an ecosystem (like single species approach fishery management),
EBFM defines fisheries management portfolios for entire ecosys-
tem (Ainsworth et al., 2010), which greatly promoted the devel-
opment of ecosystem models. Various models have been de-
veloped, like Atlantis ecosystem model (ATLANTIS; Fulton et al.,
2004), Ecopath with Ecosim (Christensen and Walters, 2004), and
Object-oriented Simulator of Marine ecOSystem Exploitation
(OSMOSE; Shin and Cury, 2001). These ecosystem models
provide an overview of the ecosystem and even serve as operat-
ing models to represent the “real world” including the impact of
fishing and other anthropogenic effects (Plaganyi, 2007). Thus,
these models can play an important role in management strategy
evaluation (Halouani et al., 2016).

An ecosystem model commonly requires various types of
data, such as species life history traits, trophic interactions
among species, biomass and distribution information, and envir-
onmental factors (Masi et al., 2017; Raoux et al., 2017). Amongst
them, diet compositions inform the quantitative relationship
between the prey and predators, and contribute to the under-
standing of energy flow in the ecosystem and population dynam-

ics (Ahlbeck et al., 2012). Therefore, diet compositions play a key
role in many ecosystem models. The accuracy of diet composi-
tion can greatly influence the output of ecosystem models (Ess-
ington, 2007). For example, Guesnet et al. (2015) showed that the
Finn’s cycling index, the mean trophic level of captures and the
system omnivory index were the most sensitive to less con-
strained diet compositions in the Ecopath model of the Bay of
Biscay continental shelf. However, the development of most eco-
system models relies on sourcing dietary information from the
literature and ignores the temporal and spatial variations associ-
ated with feeding habit, and the uncertainty of diet composition
has been less well studied in modeling.

Stomach content analysis is the most commonly used meth-
od to estimate the diet composition of species, especially in the
construction of ecosystem models. Stomach content analysis can
provide quantitative and detailed compositions of each prey spe-
cies “eaten” by predators, while methods like isotope analysis
and fatty acid analysis pay more attention on the composition of
prey types “assimilated” by predators (Davenport and Bax, 2002;
Phillips et al., 2014). However, stomach content analysis is time-
consuming and a large quantity of analysis may not be practical
in many studies (Bock et al., 2017), whereas a small number of
stomach samples could lead to the high uncertainty of diet com-
position. Therefore, an elaborate optimization of sample size
may be beneficial in obtaining cost-effective information with
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constrained analysis effort to the construction of ecosystem mod-
el. Cumulative prey item curves and cumulative diversity curves
are often used to investigate whether the stomach samples are
enough to satisfy the stomach content analysis (McQueen and
Griffiths, 2004). Power analysis could also determine the sample
size of stomachs that can find the difference between diets (Ferry
and Cailliet, 1996). However, both cumulative prey curves and
power analysis focus on the performance of stomach sample size
on dietary description, less research efforts have been concen-
trated on the influence of stomach sample size on ecosystem
models.

Computer simulation studies are widely used to evaluate
sampling strategies in the field survey (Simpson et al., 2001).
Ideally, the performance measures should consider both accur-
acy and precision (Sokal and Rohlf, 2012). Relative estimation er-
ror (REE) and relative bias (RB) are used to compare the accur-
acy and precision of sampling designs with different sample
sizes. In the fisheries research, most studies tend to focus on sur-
vey design to satisfy the requirement of stock assessment, while
few studies focus on the adequate sampling strategy on feeding
habit analysis (Ahlbeck et al., 2012; Xu et al., 2015; Li et al., 2015).

This study presents a computer simulation approach based
on a previously developed Ecopath model in the Jiaozhou Bay
(Han et al., 2017), and evaluated how the number of stomach
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samples influence the model projection. We focus on the diet
data of three key species, and compare the influence of different
sample sizes on the estimates of trophic level of predators, di-
versity of prey items, the contribution of dominant prey, and eco-
system model indices. In addition, we evaluate and compare the
optimal sample size calculated from traditional methods (cumu-
lative curves) and computer simulation. The objective of this
study is to develop a framework for evaluating and optimizing the
sample size of stomach content analysis which can meet the re-
quirement of the ecosystem model development.

2 Materials and methods

2.1 Study area

This study was conducted in a marine ecosystem in the
Jiaozhou Bay located in the southern Shandong Peninsula, China
(Fig. 1) with an area of 350 km? and connecting the Yellow Sea
through a 3.1 km wide mouth (Yuan et al., 2016). The associated
fisheries resources were ever rich with a relative biomass of about
120 kg/haul per hour in the 1980s (Liu, 1992). Although fisheries
resources of the Jiaozhou Bay have experienced a massive deple-
tion due to overfishing and pollution in the past decades (Zeng,
2004; Yuan et al., 2016), the Jiaozhou Bay ecosystem is still an im-
portant feeding, spawning and nursery ground for many com-
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Fig. 1. Map of the Jiaozhou Bay showing the survey stations in four seasons.
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mercially important species.

2.2 Stomach analyses

This study focused on three fish species and evaluated how
their sample sizes might influence the ecosystem modeling. The
three species included blenny Pholis fangi, pinkgray goby Ambly-
chaeturichthys hexanema, and small yellow croaker Larimichthys
polyactis. Both blenny and pinkgray goby were numerically dom-
inant species in the Jiaozhou Bay ecosystem (Xu et al., 2013; Ma
et al., 2017). Pinkgray goby mainly feeds on small benthic inver-
tebrate and is fed by top predators (such as flounder and rock-
fish) in the Jiaozhou Bay ecosystem (Han et al., 2013), playing an
important role in the benthic food chain in this ecosystem. Small
yellow croaker was a commercially important species in coastal
waters of China. A total of 1 684 stomachs representing three fish
species were sampled and analyzed from four seasonal bottom
trawl surveys in 2011 (Fig. 1), of which 1125 had identifiable
stomach contents and were used in the following simulation pro-
cedures (Table 1, Fig. 2). Samples collection were described with
detail information in Han et al. (2017). Stomachs were frozen pri-
or to dissection in the laboratory. In the laboratory, stomach con-
tents were analyzed using a dissecting microscope, while dietary
items were identified to the lowest taxonomic level. Biomass per-
centage was used to evaluate diet composition of each species.
Although many prey items only had parts left, their actual weight
was recorded. Correction procedures were not applied on those
items because it is hard to find all the relationships between rem-
nant body and whole body (Ainsworth et al., 2010). Additionally,
the status of each prey item (complete or incomplete) before
eaten was not clear.

Table 1. Summary of stomach samples of three species used in
the study

. Body length Number of Number of
Species empty
range/mm stomachs
stomachs
Blenny Pholis fangi 11-172 626 195
Pinkgray goby Ambly- 11-137 659 272
chaeturichthys hexanema

Small yellow croaker 26-210 399 92

Larimichthys polyactis

2.3 Ecopath model construction

An Ecopath model was developed for the Jiaozhou Bay (JZB)
ecosystem to evaluate the influence of shellfish aquaculture on
the ecosystem (Han et al., 2017). Due to data requirements for
the ecosystem model, we identified prey items to the level of
functional groups. Prey items were assembled into 16 groups
(e.g., benthic fish, pelagic fish, shrimp, crabs, and bivalve) ac-
cording to the JZB Ecopath model. We simulated the effect of
stomach sample sizes by modifying the existing Ecopath model
in the diet information of three species, i.e., blenny, pinkgray
goby, and small yellow croaker. The modified model was con-
structed with R package “Rpath” (https://github.com/slucey/
RpathDev). We denoted a “true ecosystem” based on “full diet in-
formation” defined for the full sample sizes for these three spe-
cies, and all the indices produced by this model were set as the
baseline indices.

2.4 Simulation procedure

For each species, the original stomach content data were res-
ampled randomly at a defined sample size (from 1 to the total
number of stomachs with identified contents) with replacement
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Fig. 2. Body length distribution of three species analyzed in this
study.

for 1000 times. Updated diet information of single or all three
species was then applied in the modified JZB Ecopath model
(Fig. 3). Thus, the effects of variations in diets for single or mul-
tiple species on modeling were evaluated.

For each simulation, the number of prey types and prey di-
versity of each species were calculated. Ecosystem indices were
derived from the updated models and were used for subsequent
analysis. The changes in these indices were used to evaluate the
influence of each species and all three species on the Ecopath
modeling (Fig. 3).

2.5 Performance measures

Ecosystem characteristics can be described by a set of ecolo-
gical indices, which are widely used in ecosystem evaluation and
fisheries management (Gonzélez et al., 2016; Ofir et al., 2017). In
this study, based on the potential impacts of diet composition,
ecosystem indices calculated from modified models were classi-
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”

dex (Multispecies level)” and “systemic index (Ecosystem level)
(Table 2). Direct indices, such as the number of prey type groups,
prey diversity, and trophic level of predator, can be directly influ-
enced by diet composition. Indirect indices, such as ecotrophic
efficiency (EE) of prey groups in ecosystem, can be influenced by
both diet information and predator-prey relationships. EEs of
shrimp, crab, and polychaete were selected as the indirect in-
dices due to their main contributions in the diet of high trophic
level species in the Jiaozhou Bay ecosystem (Han et al., 2013).
Systemic indices, such as total system throughout (TST), total
primary production/total respiration (TPP/TR), are to describe
the ecosystem status, and influenced by both diet information
and complexity of trophic interactions.

2.6 Measures for evaluating performance of different sample sizes

of stomach content analysis

Cumulative curves (Elliott, 1967) were used to evaluate the
performance of direct indices under different sample sizes of
each species. As sample size increases, the variations of prey
group number and similarity between diet composition calcu-
lated from sampled stomachs and total stomachs tend to de-
crease. Finally, the curves reach an asymptote level as new prey
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types are being introduced into the diet only rarely (Ferry and
Cailliet, 1996). We used Bray-Curtis similarity index to calculate
the similarity between resampled diet composition and full diet
composition of certain species.

For indirect and systemic indices, relative estimate error
(REE) and relative bias (RB) were used to measure the accuracy
and precision of estimation (Paloheimo and Chen, 1996; Li et al.,
2015):

(Y?stimate _ Ytrue)Z/R

-

REE = Yire x 100%,
R
Z Y@stimate/R
i
RB= | =L e — 1| x100%,

where Y$ima® js the estimated value of each index from the mod-
el with ith resampled data set; Y™ is the index value from the
model with the whole data; and R is the times of sampling for a
given sample size (i.e., 1 000 times in this study).

3 Results

3.1 Baseline values of indices

The key indices used in the impact of sample size for stom-
ach content analysis on estimates of ecosystem indices in the
simulation study were summarized in Table 2. The definitions
and values for the three levels of indices were presented. Based
on the trophic level values, all three species belong to the second-
ary consumer in the ecosystem. In the 24 functional groups of
Ecopath model, the prey items of blenny, pinkgray goby, and
small yellow croaker included 11, 10, and 13 groups, respectively.
The main prey groups were shrimp for blenny and small yellow
croaker, and polychaete for pinkgray goby. Blenny and pinkgray
goby had relatively low prey diversity, mainly because they spe-
cifically fed on certain prey types.

3.2 Variations of prey compositions and similarity
The accumulation of the breadth of prey types with increas-

Table 2. Summary of the key indices for the three fish species considered in this study

Typeof  Specific - .
index index Description Small yellow croaker Pinkgray goby Blenny
Direct N number of prey groups 13 10 11
Direct H Shannon’s diversity 2.03 1.28 1.36
Direct TL trophic level 3.86 3.74 3.15
Direct S Bray-Curtissimilarity index similarity of food composition between certain sample size and full sample
composition
Direct Mp contribution of main prey item shrimp 23.73% polychaete 63.48% shrimp 54.36%
Indirect EE_shrimp ecotrophic efficiency of shrimp in 0.86
ecosystem
Indirect EE_crab ecotrophic efficiency of crab in ecosystem 0.65
Indirect EE_poly  ecotrophic efficiency of polychaete in 0.05
ecosystem
Systemic TST total system throughout 11781.62
Systemic TPP total primary production 5760.89
Systemic NSP net system production 5298.54
Systemic SOI system omnivorous index 0.18
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Fig. 4. Cumulative prey type number in relation to the stomach
sample sizes of three fish species.

ing sample size for each species were shown in Fig. 4. The num-
ber of prey species appeared to be an asymptote when the stom-
ach number increased. The mean level of stomach sample sizes,
at which the cumulative prey type number reached was 323
(range 76-387), 232 (range 16-430), and 228 (range 52-307) for
blenny, pinkgray goby, and small yellow croaker, respectively.
The stomachs contained cumulative prey curves revealed that
the number of stomachs were enough to describe the diet com-
position of these three species (Fig. 4).

Cumulative similarity curves revealed that the similarity of
diet composition between the resampled data and full sample
data increased with increasing number of stomach samples (Fig. 5).
For example, mean similarity index between diet composition
derived from 50 stomachs and full sample data was 85.7%, and
could reach to 90% when sample size increased to 100 stomachs.
The sample size at which the mean similarity value reached 80%,
was 28 for blenny, 48 for pinkgray goby, and 76 for small yellow
croaker, respectively.

3.3 Impact of stomach sample size of single species on ecosystem

model output

For each species, the REE values of each index decreased
gradually as the sample size of stomach content analysis in-
creased, whereas the magnitude of changes differed among spe-
cies and indices (Fig. 6). For most indices, the REE had a relat-
ively distinct decrease with the increase of stomach number, and
then remained relatively constant or slightly decreased with a
further increase of stomach sample sizes. At the same sample
size, the REEs for the direct indices such as the main prey contri-
bution, trophic level and diversity were higher than those of in-
direct indices such as ecotrophic efficiency of shrimp and eco-
trophic efficiency of crab. For example, when the sample size was
50 for small yellow croaker, the REE of main prey contribution
was 24%, while the REE of ecology efficiency of shrimp was 0.5%.
In addition, the variations of stomach samples sizes of single spe-
cies had little impacts on the REE of most systemic indices such
as TST and TPP, suggesting that the systemic indices were more
robust than direct or indirect indices.

The trend of RBs of each index with increased sample size
were similar to the performance of REE (Fig. 7). The RBs of direct
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Fig. 5. Cumulative curves for similarity value between sampled
diet composition and full sample data in relation to the stomach
samples sizes of three fish species.

indices were higher than indirect indices at same sample size.
While most systemic indices were the most robust with different
sample sizes, except the system omnivory index (SOI). With the
increased sample size of each species from 50, RBs of some dir-
ect indices changed obviously. For example, the maximum value
of RB for the Shannon-Wiener diversity of small yellow croaker
was 12.5% when sample size was 50, indicating a large variation
in diet composition at low stomach sample size.

3.4 Combined impact of stomach sample sizes of three species on

ecosystem model output

When evaluating the impact of changing stomach samples
size of three predators on the ecosystem model output, direct in-
dices like contribution of prey type and trophic level of predator
were not under consideration because they could only be im-
pacted by the diet composition of each predator directly. When
stomach sample sizes of all three species changed, the variations
of RB and REE of indirect indices and systemic indices were sim-
ilar to those of single species (Fig. 8). The RBs of indirect indices
fluctuated around zero when stomach sample sizes of three spe-
cies increased from 50 to 300. The REEs of indirect indices de-
creased gradually as the increase of stomach sample size. RBs
and REEs of systemic indices like TST and TPP were close to zero
and remained stable, indicating that most systemic indices were
robust with increased sample size. However, RB of system omni-
vory index (SOI) was higher than other indices when stomach
samples number of three species increased from 50 to 200, and
close to 0 after then. Variations of REE of SOI were similar with
RB of SOI, indicating obvious variations of food web structure
when stomach samples number of three species under 200. Be-
sides, when stomach sample sizes of three species changed, the
estimated REE and RB of each index were larger than those of
single species, indicating that the uncertainty of model output
may raise when stomach number of more species changed.

4 Discussion

This study revealed that most systemic indices of the Ecopath
model in the Jiaozhou Bay were robust and nonbiased regarding
limited sample size, whereas specific indices related to species
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were indicated to be with low accuracy and precision when stom-  enough. More stomach samples are required if the complex in-
ach sample sizes were insufficient. This indicates that appropri- teractions among species and specific index of each group were
ate stomach sample sizes need to be defined for different targets under consideration. For example, systemic indices like total
in ecosystem modeling. If a model aimed to examine the system-  primary production, total system throughout are always used to
ic status of the ecosystem, a few stomach samples may be evaluate the impact of climate or human activities on the whole
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ecosystem (Plagédnyi, 2007; Gonzélez et al., 2016; Cremona et al.,
2018). In this situation, a small sample size might satisfy the de-
velopment of systemic indices from ecosystem modeling, which
would greatly save the time spent on stomachs analysis and re-
duce sampling effort. Thus, fishing mortality induced by the sur-
vey may also reduce, which is important in the protection of de-
pleted stocks or rare stocks with low abundance in coastal waters
(Xu et al., 2015). Cumulative prey item number curve is often
used to evaluate whether the number of stomachs is sufficient to
describe diet composition of species (Ferry and Cailliet, 1996;
McQueen and Griffiths, 2004). The estimated value of the num-
ber of main prey groups and diversity index might be with low ac-
curacy when the stomach sample size is too low. This mainly res-
ulted from the absence of rare prey species in small stomach
samples. With an increase of analyzed stomachs, the RB value
decreased gradually. However, just like dominate species de-
termining the trophic structure of an ecosystem, in most cases,
the contribution of dominate prey items is the main factor influ-
encing the ecology niche of the predators. The absence or pres-
ence of rare prey items showed small impact on trophic levels of
analyzed species as well as ecosystem characters. As the contri-
bution of main prey items was relatively robust with different
stomach sample sizes, the trophic position of a predator calcu-
lated by low stomach samples were relatively stable, which made
the ecosystem character more stable with less stomach samples.
Since the purpose of cumulative prey item curve is to cover all
the prey items in the analyzed stomachs, adequate sample size
by this method may add extra workload in the development of
ecosystem model.

In the Ecopath model of the Jiaozhou Bay, we assumed that
the “true” feeding habit of each species as the weight percentage
calculated by full stomach samples (Stergiou and Karpouzi, 2002;
Heymans et al., 2016). Diet analyses can be conducted in numer-
ous ways, like number, biomass or frequency of occurrence of
prey items (Hyslop, 1980). However, how well each method de-
scribes the “true” feeding habit is still unknown. Some studies
showed that frequency of occurrence provided the most robust
and interpretable measurement of diet composition because it
was not affected by the condition of prey items (Baker et al., 2014;
Buckland et al., 2017). Ainsworth et al. (2010) argued that estim-

ating fish diet compositions by bootstrap and likelihood meth-
ods from multiple data sources might be more robust. Ahlbeck et
al. (2012) used an individual model and found that mass and
points methods produced more accurate diet composition. In
this study, we assumed that the mass methods could describe the
“true” feeding habit of species since it can be used to represent
the energy transport from prey to predators (Wilhm, 1968).

Based on the cumulative prey item curves, the adequate
stomach samples size for the three species were all more than
200, which is larger than those in similar studies. Mean asymptot-
ic stomach number of snoek (Thyrsites atun) in the southern
Benguela was around 50 (McQueen and Griffiths, 2004), and 29
individuals were enough for stomach content analysis of Notoli-
paris kermadecensis (Gerringer et al., 2017). Within the three spe-
cies, asymptotic value of small yellow croaker was larger than
that of the other two species. One main reason of this phenomen-
on is the impact of mean prey items number per stomach. In this
study, three fish species were all small sized fish and only one or
two prey types were identified in each stomach, while a mean of 7
prey species were identified per sample of snoek (McQueen and
Griffiths, 2004). Prey composition in each stomach tends to be
variant when few items were eaten by the predator, and more
stomachs were needed to describe accurate diet information for
this predator. Another reason might come from the impact of
total prey items. A total of 12 prey types were consumed by the
species analyzed in this study, while only 8 prey types were con-
sumed by Mariana liparid (Gerringer et al., 2017). Furthermore,
we assumed that there should have certain relation between “the
ratio of prey items per stomach and total prey items” and “the
asymptotic stomach samples for species feeding habit analysis”,
and high ratio meant small number of stomach samples are
needed to describe the diet composition.

Effects of reducing stomach sample size of single species and
all three species on ecosystem indices were evaluated in this
study. Results showed that when stomach samples of three spe-
cies changed, REE and RB values of each ecosystem index were
larger than those caused by the change for a single species, indic-
ating a complex combined effect of diet uncertainty on ecosys-
tem model outputs. Impact of the body length of individuals on
their diet compositions were not evaluated. Ontogenetic change
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in feeding habit of species and feeding shifting are common in
marine ecosystems (Xue et al., 2004; Won et al., 2010; Buckland et
al., 2017). Generally, Ecopath assumes the diet composition in
each group is same and stable. Only group with sufficient feed-
ing habit data and high-quality parameter can express the onto-
genetic change in diet composition by divided one group into
several ontogenetic stages (Christensen and Walters, 2004). In
the base model, to account for ontogenetic diet shift in feeding
patterns, diet composition for these species were calculated from
stomach samples with all length size range. We assumed the on-
togenetic change in feeding habit of species as one of the error
sources in diet composition and sampled the stomach samples
randomly in the following simulation process. As well as onto-
genetic change of feeding habit, temporal and spatial variations
of analyzed species also impact the adequate sample size for
feeding habit analysis. Future study will focus on the adequate
stomach samples for ecological modeling under different
sampling strategy.

The uncertainty of other parameters was not considered in
the simulation study. Interactions between each parameter could
result in more complex uncertainty in the impacts of diet inform-
ation on ecosystem model projections. The combined effect
could be additive, synergistic, or antagonistic (Crain et al., 2008;
Fu et al., 2018). Sensitivity analysis could be used to evaluate the
possible consequence of each scenario and estimate the require-
ment of parameter accuracy. For example, a Matlab toolbox (eco-
pat_matlab) developed by Kearney (2017), can test the paramet-
er uncertainty of Ecopath model (Guesnet et al., 2015). Besides,
performance of stomach sample size of different functional
groups on model projection may be different because of the role
they played in ecosystem. Both pinkgray goby and small yellow
croaker feed mostly on shrimp (Xue et al., 2004; Han et al., 2016).
Since pinkgray goby is one of the most abundant species in the
Jiaozhou Bay (Zeng et al., 2012; Han et al., 2016), the change in
stomach sample size of pinkgray goby has caused more bias on
the EE of shrimp. The role and function of each functional group
in the ecosystem may influence its optimal stomach size for the
model requirement, which needs more detailed analysis. Fur-
thermore, since one main purpose of ecosystem models is to pre-
dict possible condition of ecosystem under different manage-
ment strategies or climate change (Ofir et al., 2017; Raoux et al.,
2017). A low level of uncertainty at the beginning of ecosystem
modeling may result in a large change at the end of model simu-
lation by iterations (Jopp et al., 2011), which calls for more accur-
ate parameters and information in the construction of ecosystem
models. Given the constraints associated with the sample sizes
and needs for a better parameterized ecosystem model, future
study should aim to optimize the stomach sample sizes that satis-
fy the modeling needs for data quality and overcome the issues of
limitation for sampling efforts.
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