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Abstract

Based on the Ricker-type models, the spawning stock-recruitment (S-R) relationship of Portunus trituberculatus
was analysed under the impacts of environmental factors (including red tide area (AORT), sea level height (SLH),
sea surface salinity (SSS) and typhoon landing times (TYP)) in the northern East China Sea in 2001 and 2014.
Besides the traditional Ricker model, two other Ricker-type S-R models were built: Ricker model with In-linear
environmental impact (Ricker-type 2) and Ricker model with In-quadratic polynomial environmental impact
(Ricker-type 3). Results showed that AORT, SLH, SSS and TYP had great influences on the recruitment of
P. trituberculatus. When SSS reached 29 and 31, recruitment decreased from 20.7x103 million to 8.3x103 million
individuals. In this case, recruitment declined, whereas AORT and TYP increased. Analysis of the S-R model
showed that the Akaike information criterion (AIC) value of the traditional Ricker model was 14.619, which
remarkably decreased after addition of the environmental factors. Different numbers of environmental factors
were added to the Ricker model, and the best result was obtained when four factors were added to the model
together. Moreover, Ricker-type 2 model, with the AIC value of -5.307, was better than Ricker-type 3 model (add
above four environmental factors at the same time). The findings indicated that the mechanisms by which various

environmental factors affect the S-R relationship are different.
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1 Introduction

Portunus trituberculatus is the most widely fished crab, ac-
counts for one-quarter of the crab caught commercially world-
wide (Liu et al., 2013) and is amongst the most important eco-
nomic species in China, especially in the East China Sea. The P.
trituberculatus catch in the East China Sea accounts for 50% of
the total yield of the three main fishing areas of the East China
Sea, the Yellow Sea, and the Bohai Sea (Song et al., 2012). The
northern East China Sea is the largest production area of P.
trituberculatus in the East China Sea and yields over 40% of the
total catch (Yu et al., 2003). The P. trituberculatus catch in the
northern East China Sea has increased continuously since 2010,
which indicates that the recruitment stock (R) of this crab may
significantly increase. In 2017, the Ministry of Agriculture of the
PRC decided to carry out a pilot project for the total allowable
catch management of P. trituberculatus in the northern Zhejiang
fishing ground. Thus, scientific stock assessment of this species
in the study area is very important and necessary.

In order to give scientific assessment results and manage-
ment recommendations for P. trituberculatus, it is essential to
have knowledge of the spawning stock-recruitment (S-R) rela-
tionship (Myers, 2002) and the estimations of S-R relationship
are also an important part of the development of an optimal har-
vest strategy (Zheng and Kruse, 2003). Scientists believe that a

higher spawning stock biomass (S) does not necessarily lead to
abundant recruitment (Myers et al., 1996), which indicates that
recruitment may be independent of the spawning stock. Consid-
ering that recruitment represents survivors suffering from differ-
ent environmental conditions, the effects of environmental
factors on recruitment may be stronger than those effects of the
spawning stock. Therefore, interest in environmental impacts on
recruitment continuous to increase. Sakuramoto (2013) indic-
ates that introducing environmental factors to the S-R relation-
ship model is necessary to better understand fish population dy-
namics. Several research studies also show that changes in the
marine environment determine the distribution of Ommastrep-
hidae resources to some extent (Anderson and Rodhouse, 2001;
Palacios et al., 2006). Environmental factors, such as water tem-
perature, interfere with the population compensation of Thun-
nus albacares (Feng et al., 2010).

The Ricker S-R model, which was proposed in 1954, has been
frequently used to study the relationship between spawning
stock and recruitment (Hilborn and Walters, 1992). It was also
used to study the effects of environmental factors on the S-R rela-
tionship (Pécuchet et al., 2015). For instance, Lin et al. (2018)
studies the influence of sea surface temperature and Pacific
decadal oscillation on the spawning and recruitment of Scomber
Jjaponicus and compared the performance of Ricker models with
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one and two environmental factors. Results show that Ricker
models with two environmental factors can accurately describe
the S-R relationship (Lin et al., 2018). Many similar studies are
also conducted on the effects of environmental factors on S-R re-
lationships by using Ricker-type models (Galindo-Cortes et al.,
2010; Shih et al., 2014).

It is reported that the abundance and catch of P. trituberculat-
us in the East China Sea are affected by environmental factors
(Wang et al., 2017a, 2017b). The recruitment of P. trituberculatus,
which determines the abundance of future resources, is also
mainly influenced by environmental factors. The objective of this
study is to improve the understanding of variations in the recruit-
ment of P. trituberculatus in the northern East China Sea and the
effects of environmental factors on recruitment. On this study,
the authors analysed the correlations between selected environ-
mental factors, compared the Ricker model with two newly built
Ricker-type S-R models considering environmental factors and
selected the most suitable model.

2 Materials and methods
2.1 Data sources

2.1.1 Fishery data

The experimental sample of P. trituberculatus was obtained
from May 2015 to May 2016 in the northern East China Sea
(29.30°-30.50°N, 122.48°-126.75°E), except when closed fishing
season (Fig. 1). P. trituberculatus samples (the seas area in Fig. 1
is the area where the commercial fishing vessel operates, and the
individuals of P. trituberculatus were randomly sampled from
these vessels) were obtained twice each month, and the sampling
fishing gear included crab cages, gillnets, and a single otter trawl.
A total of 769 P. trituberculatus individuals were collected. The
carapace width (CW, mm), carapace length (CL, mm) and body
weight (W, g) of each crab were measured. The samples were
grouped according to the CL, and the average weight and propor-
tion of the different size P. trituberculatus were measured to de-
termine the structural composition of the P. trituberculatus in the
survey area. Therefore, P. trituberculatus with CW ranging from
60 mm to 80 mm were defined as the recruitment group (Sun et
al., 2018).

The abundance of P. trituberculatus during these years are
calculated based on the catch data by using Eqs (A1) and (A2). A
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detailed description of the parameters is given in the Appendix A.

The parameters of natural and fishing mortality come from
the studies of Wang et al. (2017a). The comparison of the CW
composition to the catch of P. trituberculatus was made in the
study sea (Fig. 2), which is not significantly different (P=1). The
CW composition in 2015-2016 came from the sample, and the
2000-2001 came from Song et al. (2012). Therefore, the assump-
tion of CW composition to P. trituberculatus in this study are not
significantly changed. And spawning stock and recruitment for
each year are estimated based on the proportion information ob-
tained from a survey of P. trituberculatus during 2015 and 2016.
Recruitment values from 2001 to 2014 are calculated according to
the catch and proportions of CW frequencies measured in the
survey samples in these two years.

P. trituberculatus is a species released in the study areas for
stock enhancement. The annual quantity of releasing crab from
the fisheries administration department were obtained. Then, ac-
cording to the coefficients of natural mortality during the early
life history, the abundance of P. trituberculatus resources that
survived to the fishing stage was estimated based on the formula
of Appendix A. Before 2010, the releasing quantity of P. trituber-
culatus in the northern East China Sea area is relatively small,
and the data are not available. Therefore, on the basis of releas-
ing quantity in 2011, the assumption number of releasing crab in
the following year is 10% higher than that of the previous year,
and then push forward in turn to obtain the estimated annual re-
lease (private communication with fishery managers). Equation
(A1) is used to calculate the subsequent abundance coming from
the releasing stock when the releasing stock reaches the recruit-
ment specification. Taking into account the large scale releasing
activities (the releasing of P. trituberculatus are implemented in
most areas of Zhejiang Province, especially in Zhoushan, Ningbo,
Taizhou, and Wenzhou), it has a greater impact on the natural
population of P. trituberculatus (Fig. 1). Therefore, the biomass
coming from the releasing is removed (spawning stock and re-
cruitment) from the fishery statistical data.

2.1.2 Environmental factors

The abundance of fishery resources generally involves a dy-
namic process. The main factors affecting this process include
population number, fishing activities and changes to the marine
environment (Sakuramoto, 2005). Considering the effect of envir-
onmental variables on the recruitment of P. trituberculatus, the
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Fig. 1. Map of sampling area of P. trituberculatus during 2015 and 2016. The points represent the enhancement and releasing areas
centered on Zhoushan (1), Ningbo (2), Taizhou (3), and Wenzhou (4).
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Fig. 2. The CW composition of the catch of P. trituberculatus in the northern East China Sea during 2000-2001 and 2015-2016.

selection of the following main environmental factors: area of red
tide (AORT), El Nifo index (EINI), sea level height (SLH), sea sur-
face salinity (SSS), typhoon landing times (TYP), and sea surface
temperature (SST) in the study area. Among them, the environ-
mental factors which had significant influence on the recruit-
ment of P. trituberculatus were screened out, and the effects of
insignificant factors were deleted.

In order to select the environmental factors that have signific-
ant effects on the recruitment, the environmental factors have
been screened. First of all, the GLM function in R (version 3.5.3)
was used to analyze the relevant environmental and biological
data from 2001 to 2014, and the regression equation including
parent quantity and all environmental independent variables
was established. Then the stepwise regression analysis method
was used to subtract the environmental factor with small contri-
bution rate and no significance (the selection criterion is Akaike
information criterion (AIC)). The environmental factors were
continuously subtracted until the value of the environmental
factor AIC was no longer reduced. Finally, the remaining inde-
pendent variables were evaluated, and the effects of the remain-
ing environmental variables on the recruitment are significant
(P<0.05). Pearson correlation analysis of the selected environ-
mental factors and the recruitment of P. trituberculatus were
made. Histogram and correlation ellipses were also used to ana-
lyze the correlation between environmental factors and recruit-
ment. Meanwhile, in order to avoid multicollinearity, the Pear-
son’s correlation coefficient analysis on environmental variables
was used before adding to the Ricker model. The environmental
data of SLH and SSS are obtained from http://www.cpc.ncep.
noaa.gov, and AORT data are obtained from the China Ocean
Yearbook. The monthly data of TYP are obtained from http://
tcdata.typhoon.org.cn/dlrdgx_zl.html.

2.2 Analysis methods

2.2.1 S-R model

Between the two traditional S-R relationships, namely, the
Ricker and Boverton-Holt models, the former is more sensitive to
environmental influences (Zhao et al., 2003). Therefore, the Rick-
er model is chosen as the basis for analysing the S-R relationship
in the current study (Appendix B).

2.2.2 Model-selection criteria
To evaluate the candidate models and select the best one, the
model-selection approach based on the principle of parsimony

in which several competing hypotheses (candidate models) are
adopted and simultaneously confronted with data (Hobbs and
Hilborn, 2006; Johnson and Omland, 2004). The AIC and the
Bayesian information criterion (BIC) are valid for selecting the
most suitable S-R relationships (Wang et al., 2005). The optimal
S-R relationship model in this paper is selected according to AIC
and BIC standards (Appendix B).

The residual versus fitted, normal quantile-quantile (Q-Q),
scale-location and residual versus leverage relationships are
used to analyse the two Ricker-type models with environmental
factors. The values of recruitment predicted by the above models
from 2001 to 2014 are compared with the observed values, and
the fitting degree is used as the standard to select the most suit-
able model reflecting the S-R relationship of P. trituberculatus in
the study area.

2.2.3 Model validation

S-R data of P. trituberculatus in the study area from 2015 to
2017 are used to validate the Ricker-type S-R models by compar-
ing the estimated recruitment with the observed recruitment,
and then verify the accuracy of the most suitable model.

3 Results

Figure 3 shows that the fit between the total recruitment and
recruitment obtained from the natural resources of P. tritubercu-
latus in the period of 2001-2014 is very high. This finding indic-
ates that variations in recruitment are less affected by stock en-
hancement. The annual variation of spawning stock and recruit-
ment shows that recruitment decreases with increasing spawn-
ing stock (Fig. 4). Hence, spawning stock and recruitment were
negatively correlated from 2001 to 2014.

3.1 Selection of environmental factors

The results of the gradual screening of environmental factors
(Table 1) showed that the SST and EINI are excluded from envir-
onmental factors. Simultaneously, the remaining environmental
factors are significant difference (P<0.05) (Table 2), and the
AORT, SLH, SSS and TYP are selected as the final study variables.

In addition, the correlation analysis of the selected environ-
mental factors showed that the correlation between SSS and TYP
was less than 5%. The histogram in Fig. 5 displays the distribu-
tion of each environmental factor. In Fig. 5, the elliptical graph-
ics in each scatter plot are called correlation ellipses, and the big
solid point represents the center of each ellipse. The correlation
between the two variables is represented by the shape of the el-
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The comparison of the natural resource recruitment and total resource recruitment during 2001-2014.
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Fig. 4. Time series of spawning stock biomass (line) and recruitment (bars) of P. trituberculatus in the northern East China Sea during

2001-2014.

Table 1. Stepwise regression process of environmental variable

Table 2. Parametric analysis of significant influence factors

selection Factor Estimate Std. error tvalue Pvalue
One-step model Degree of freedom Deviance AIC S -0.3 0.079 -3.785 0.005
Initial value - - -3.754 AORT -0.031 0.013 -2.406 0.043
-SST 1 0.196 -3.996 SLH -2.469 0.830 -2.974 0.018
-EINI 1 0.206 -5.307 SSS -0.118 0.036 -3.261 0.012
-AORT 1 0.356 0.313 TYP -0.258 0.092 -2.809 0.023
-TYP 1 0.410 2.300 Note: S indicates spawning stock biomass, AORT indicates red
_SLH 1 0.435 3.117 tide area, SLH indicates sea level height, SSS indicates sea surface sa-
_SSS 1 0.481 4.529 linity, TYP indicates typhoon landing times.
-S 1 0.576 7.061

Note: SST indicates sea surface temperature, EINI indicates El
Nifno index, AORT indicates red tide area, TYP indicates typhoon
landing times, SLH indicates sea level height, SSS indicates sea sur-
face salinity, S indicates spawning stock biomass. The initial value
represents the AIC value for all variables. The symbol “-” (the hy-
phen) in the first column represents the elimination of variables one
by one in the regression process.

lipse. The longer the ellipse is stretched, the stronger the correla-
tion is. Conversely, the closer the shape of an ellipse is to a circle,
the weaker the correlation between the two variables are. The
curves plotted in the scatter diagrams are described as “loess
smooth”, which represents general relationships between

changes in the X- and Y-axis. Figure 5, for example, shows that
the relative ellipses of R,,, and AORT are stretched, which indic-
ates a strong correlation between two variables. This finding is
confirmed by the large symmetric correlation coefficient (-0.65)
obtained. In addition, the curves of R,,; and AORT show that re-
cruitment decreases with increasing AORT.

3.2 Effects of environmental factors on R

Figure 6 shows the variations of the four environmental
factors from 2001 to 2014. The AORT in the study area increased
sharply from 1 000 km? to 13 000 km? from 2001 to 2006 (Fig. 6a).
After 2006, AORT decreased gradually to approximately 1 420 km?,
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although two turning points could be observed. Figure 6b shows
an up/down variation of SLH from -0.05 m to 0.05 m. The highest
and lowest SLH in 2009 and 2011were 0.12 m and -0.1 m, re-
spectively. Figure 6¢ shows the change of SSS, which first in-
creased and then decreased during 2001-2005. SSS dropped to
29.25 in 2005 and rose every year prior to 2010. After 2010, SSS
continuously decreased to a minimum of 28.79 in 2014. Figure 6d
shows the variation of TYP, which reveals a maximum value of 3
in 2005. Except in 2002 and 2009-2012, all TYP values were
between 1 and 2.

By comparing the changes of environmental factors and re-
cruitments of P. trituberculatus with years, the results showed the
recruitment varied greatly in the year when the environmental
factors changed greatly. Recruitment of P. trituberculatus de-
creased with the increase of AORT and had a negative correla-
tion with AORT (Fig. 7a). Moreover, in Fig. 7b that the effect of
sea level height on the recruitment of P. trituberculatus is com-
plex. When the SLH was between —-0.10 m and -0.05 m, the re-
cruitment of P. trituberculatus was reduced. When the SLH was
between 0.01 m and 0.075 m, the recruitment of P. trituberculat-
us also decreased with the increase of SLH. However, when the
SLH changed from -0.05 m to 0.01 m, the recruitment of P.
trituberculatus increased with the increase of the SLH. Figure 7c

shows the relationship between SSS and changes in the recruit-
ment of P. trituberculatus. When SSS was approximately 28.5, the
maximum recruitment was approximately 23 billion individuals.
The recruitment of P. trituberculatus decreased with increasing
salinity, until approximately 31.5, beyond which recruitment in-
creased sharply with continuous increases in salinity. When
§S8S§>32.5, recruitment decreased once more. In Fig. 7d there is a
clear trend that the recruitment of P. trituberculatus decreased
with the increase of TYP.

3.3 Ricker-type models with environmental factors

Overall, the Ricker model with environmental factors has an
advantage over the traditional Ricker model. Figure 8 indicates
that the S-R relationship does not present the trend of the tradi-
tional Ricker curve. Comparing the two Ricker-type models with
environmental factors with the traditional Ricker model is
showed, that the AIC and BIC of the traditional Ricker model are
10.513 and 12.430 (Table 3), which are greater than those of the
two Ricker-type models with environmental factors (Tables 4 and
5). This finding suggests that environmental factors have a signi-
ficant effect on the recruitment of P. trituberculatus. Different
quantities of environmental factors are added to the Ricker mod-
el as the two kinds of candidate environment-based Ricker mod-
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els, and find that the smallest AIC and BIC values appear in the
models with four environmental factors. While the fit relation-
ship between the model incorporating one environmental factor
and S-R is the worst, with AIC and BIC of 3.186 3 and 5.742 5, re-
spectively. For the Ricker-type 2 model, when adding four envir-
onmental factors, the AIC and BIC values are -5.307 2 and —-0.833 8,
respectively, which are the minimum values of the Ricker-type 2
candidate model (Table 4). Similarly, when the different quantity
of environmental factors are added to the Ricker-type 3 model,
different results are obtained, and the minimum AIC and BIC ap-
pear in the model with four environmental factors, whose values
equal to -1.811 and 2.023, respectively (Table 5). Therefore, the
model with four environmental factors in Ricker-type 2 is con-
sidered to be the optimal model since its AIC and BIC values are
smaller. The specific forms of Model 2 (the optimal model in
Ricker-type 2) and Model 3 (the optimal model in Ricker-type 3)
can be expressed as follows:

In (R) — In (S) =6.84 + 0.30S — 0.03AORT — 2.47SLH—
0.12SSS — 0.26TYP + &, (1)

In (R) — In (S) =7.45 4 0.34S — 1.351n (AORT + SSS) —
0.081n (SLH?) — 0.36 (TYP + 1) +&. )
The selected SLHs is notably negative in some years. The

square of SLH is used to avoid the problem of negative numbers,
which are not logarithmic (Campbell, 2004).

3.4 Model validation

The fitted diagnostic results of Model 2 and Model 3 are
shown in Fig. 9. From the Figs 9a and e, the residual and estim-
ated values were irrelevant. In addition, the normal Q-Q plots
(Figs 9b and f) of the two models indicate that the residuals of the
models have normal distributions. In this regard, slight differ-
ences are observed amongst the models. The scale-location res-
ults (Figs 9c and g) show that the residuals in Models 2 are ran-
domly distributed (the more random the distribution, the better
the model). The values of 0.5 and 1 in the residuals and leverage
curves are usually used as criteria for judging outliers. By com-
paring the results of Model 2 (Fig. 9d) and Model 3 (Fig. 9h),
there is an outlier in the lower right corner of Fig. 9h, whose value
is greater than 0.5. The research indicate that data points with
large residuals (outliers) or high leverage can distort the out-
come and accuracy of a regression (Kim et al., 2001). In other
words, this outlier greatly contributes to the deviation of the
model from the actual situation. In this case, if the abnormal
points are removed, the model parameters will change greatly,
which indicates that the model is not regarded as sufficiently.
Thus, Model 3 does not comply with the criteria for the optimal
model. Recruitment values during 2001-2014 are predicted us-
ing the established models (including the Ricker model, Model 2
and Model 3) and fitted to the observed R,,, (Figs 10 and 11). Res-
ults show that Model 2 fits R,,, better than Model 3, which is con-
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Table 3. Significant test results of the traditional Ricker model
for Portunus trituberculatus in the northern East China Sea

Coefficients Estimate Std. error tvalue Pvalue
Intercept 3.5179 0.528 6.659 2.33x10-5***
Slope -0.460 2 0.090 -5.093 0.000 265***
AIC 10.513
BIC 12.430

Note: “***” means P value € [0, 0.001]. Generally, the P value
less than 0.05 (typically <0.05) means statistically significant.

sistent with the results of AIC and BIC model selection. In sum-
mary, the model validation results show that Model 2 is more
reasonable than Model 3 for describing the effects of environ-
mental factors on S-R relationship.

The predicted recruitment values for 2015-2017 using two
Ricker-type models, Model 2 and Model 3 are compared with the
observed values. The prediction results of Model 2 are closer to
the observed values than Model 3 (Fig. 12).

4 Discussion

4.1 Effects of environmental factors on R
In this study, the effects of four environmental factors on the
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Table 4. Comparison of the significant test results of the Ricker-type 2 (an environment-based Ricker model in which with log-linear
environmental impact) with different quantity of environmental factors for Portunus trituberculatus in the northern East China Sea

NEF Environmental factor Coefficients Estimate Std. error tvalue Pvalue
1 AORT Intercept 3.490 04 0.395 57 8.823 2.55x10-6%**
Coefficients of S -0.397 71 0.070 35 -5.653 0.000 148***
Coefficients of AORT -0.052 31 0.016 21 -3.227 0.008 055**
AIC 3.186 3
BIC 5.7425
2 AORT, SLH Intercept 3.47159 0.393 99 8.811 5x10-6***
S -0.392 72 0.070 16 -5.597 0.000 228***
AORT -0.051 05 0.016 17 -3.156 0.010 224*
SLH -1.077 83 1.022 99 -1.054 0.316 858
AIC 3.7125
BIC 6.907 8
3 AORT, SLH, SSS Intercept 5.81977 1.534 47 3.793 0.004 265**
S -0.454 42 0.076 28 -5.957 0.000 213***
AORT -0.04173 0.016 21 -2.574 0.029 975*
SLH -1.366 05 0.97195 -1.405 0.193 448
SSS -0.064 40 0.040 86 -1.576 0.149 434
AIC 2.2998
BIC 6.134 1
4 AORT, SLH, SSS, TYP Intercept 6.841 21 1.21075 5.650 0.000 481***
Coefficients of S -0.300 44 0.079 38 -3.785 0.005 351**
Coefficients of AORT -0.030 80 0.012 80 -2.406 0.042 794*
Coefficients of SLH -2.469 03 0.83023 -2.974 0.017 765*
Coefficients of SSS -0.118 02 0.036 19 -3.261 0.011 515*
Coefficients of TYP -0.258 27 0.091 95 -2.809 0.022 885*
AIC -5.307 2
BIC -0.8338

Note: NEF represents the quantity of environmental factors that are added to the model. “*”is the significance code, “***” means P value
€ [0, 0.001], “**” means P value € (0.001, 0.01], “*” means P value € (0.01, 0.05], “.” means P value € (0.05, 0.1], no code means P value €
(0.1, 1). Generally, the P value less than 0.05 (typically <0.05) means statistically significant.

Table 5. Comparison of the significant test results of the Ricker-type 3 (an environment-based Ricker model in which with In-
quadratic polynomial environmental impact) with different quantity of environmental factors for Portunus trituberculatus in the

northern East China Sea

NEF Environmental factor Coefficients Estimate Std. error tvalue Pvalue
1 AORT Intercept 3.641 02 0.426 90 8.529 3.54x10-6%**
Coefficients of S -0.423 51 0.073 82 -5.737 0.000 131***
Coefficients of In(AORT) -0.214 87 0.078 03 -2.754 0.018 769*
AIC 5.173
BIC 7.729
2 AORT, SSS Intercept 9.494 91 1.724 19 5.507 0.000 184***
Coefficients of S -0.44371 0.064 57 -6.872 2.68x10-5***
Coefficients of In(AORT+SSS) -1.67112 0.470 43 -3.552 0.004 533**
AIC 1.8148
BIC 43711
3 AORT, SSS, SLH Intercept 8.210 82 2.028 39 4.048 0.002 33**
Coefficients of S -0.471 68 0.068 03 -6.933 4,03x107-5%**
Coefficients of In(AORT+SSS) -1.365 81 0.533 14 -2.562 0.028 28*
Coefficients of In(SLH?) -0.052 80 0.045 61 -1.158 0.273 96
AIC 2.0545
BIC 5.2498
4 AORT, SSS, SLH, TYP Intercept 7.445 20 1.769 73 4.207 0.002 28**
Coefficients of S -0.339 89 0.084 21 -4.036 0.002 95**
Coefficients of In(AORT+SSS) -1.353 87 0.455 80 -2.970 0.015 69*
Coefficients of In(SLH?) -0.079 82 0.040 94 -1.949 0.08304.
Coefficients of (TYP+1) -0.362 84 0.167 66 -2.164 0.058 67 .
AIC -1.811
BIC 2.023

Note: NEF represents the quantity of environmental factors that are added to the model.

wgn s

is the significance code, “***” means P value

€ [0, 0.001], “**” means P value € (0.001, 0.01], “*” means P value € (0.01, 0.05], “.” means P value € (0.05, 0.1], no code means P value €

(0.1, 1). Generally, the P value less than 0.05 (typically <0.05) means statistically significant.
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Fig. 10. Comparison of different Ricker models from 2001 to
2014. R(obs) is the observed recruitment value, Rmodel 1, Rmod-
el 2 and Rmodel 3 are the predicted value of Model 1 (traditional
Ricker model), Model 2 (an optimal model in Ricker-type 2 mod-
el with In-linear environmental impact), Model 3 (an optimal
model in Ricker-type 3 model with In-quadratic polynomial en-
vironmental impact), respectively.

S-Rrelationships in the northern East China Sea were analysed.
It is indicated that the effects of these four environmental factors
on the recruitment of P. trituberculatus are significant. They can
be divided into two categories: (1) AORT and TYP, which cause
continuous decreases in the recruitment of P. trituberculatus,
and (2) SLH and SSS, which lead to fluctuations in the recruit-
ment of P. trituberculatus. Assume that TYP and AORT can dir-
ectly destroy the living environment of marine organisms by dis-
rupting their feeding base and affecting their distribution. Hence,
the recruitment of P. trituberculatus will continuously decline

under these factors.

Red tide is an important marine disaster. It destroys the mar-
ine ecological balance, endangers marine fisheries and aquatic
resources and even threatens human health (Kirkpatrick et al.,
2004). Red tide can cause death in various marine species, in-
cluding fish (Neely and Campbell, 2006; Wang et al., 2001; Fla-
herty and Landsberg, 2011), shellfish and benthic organisms (Ar-
zul et al., 1994). Rashed-Un-Nabi et al. (2010) found that the bio-
mass of phytoplankton in seawater is generally high and that
large diurnal variations of dissolved oxygen and pH occur after a
red tide bloom. Moreover, anaerobic environments, which
threaten the survival of various organisms, easily develop at the
bottom of the water column. Considering that the red tide sea-
son occurs simultaneously with the spawning season of P.
trituberculatus in the northern East Chinese seas (Lou et al.,
2006), the newly hatched larvae have poor viability, which will
lead to a decrease in recruitment. Amongst other Chinese seas,
the occurrence and area of red tide are largest in the East China
Sea (Zhu et al., 2009). Therefore, AORT is a significant factor af-
fecting the recruitment of P. trituberculatus.

Several studies have indicated that important economic fish,
shrimp, crab, and shellfish disappear as the sea level rises
(Paulay, 1990; Schaaf, 1996; Fulford et al., 2014). Increases in SLH
result in extreme events, such as tsunamis and storm surges, and
bring about large losses in fishery resources (Costa et al., 1994;
Jiao et al., 2015). Changes in SLH also damage the habitat of
many organisms. The habitat of P. trituberculatus is mainly con-
centrated in shallow water; such waters are highly susceptible to
sea-level changes, which causes significant changes in the re-
cruitment of the species. In spring and summer, P. trituberculat-
us lays eggs and grows in shallow sea areas approximately 3-5 m
from the shore, especially in estuaries. The crabs then migrate to
offshore areas of approximately 10-30 m in autumn and winter to
overwinter. Increases in SLH have an important effect on the suc-
cess rate of spawning and survival rate of early juvenile crabs,
which make up an important recruitment group. But juvenile
crabs are less able to resist and adapt to risks than adult crabs.
This study indicates that the recruitment of P. trituberculatus de-
creases when SLH is between -0.10 m and -0.05 m or between
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0.01 m and 0.075 m due to the destruction of their habitat and in-
creased risk of wave attack or storm surges. Therefore, the
changes in SLH may have a direct effect on the recruitment of P.
trituberculatus.

Salinity is a major environmental factor affecting the survival
and development rate of crustacean larvae (Teal, 1958; Giménez,
2003; Baylon and Suzuki, 2007). Salinity can also affect the distri-

bution of crustacean (Hall and Burns, 2003). In a study on suit-
able salinity levels for the growth of P. trituberculatus zoeae,
Zhang and Li (1992) find that the crabs are inclined to grow in the
sea of their spawning stocks and that their survival rate is severely
reduced if they deviate from the range of salinity appropriate for
spawning colonies. High salinity (above 35) could inhibit the
hardening of the shell of P. trituberculatus zoeae, thereby caus-
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ing mass mortality (Lu et al., 2012). It is reported that when the
salinity of the cultured water body is controlled at about 25, it will
be more beneficial to the molting, synchronization, and growth
of P. trituberculatus. Romano and Zeng (2006) studied the effects
of high salt environments on the growth and development of P.
trituberculatus and concluded that the food intake of P. trituber-
culatu in this environment would decrease, which could affect its
growth rate. Interestingly, the recruitment of P. trituberculatus
decreased from 20.7x103 million individuals to approximately
8.3x103 million individuals when the salinity is from 29.0 to 31.5.
Similar results have been reported by other researchers (Shentu
et al., 2015). Thus, the recruitment of P. trituberculatus may be
greatly affected when the water salinity exceeds the optimum
range.

Typhoon can affect the recruitment of P. trituberculatus,
which may led to a decrease of the catch of P. trituberculatus.
After the typhoon, the proportion of the catch of crabs in the total
catch in the western Guangdong fishing grounds drop from
0.05% to 0.03% (Yu et al., 2015). Considering that a typhoon can
rapidly change the water environment within a short time, it in-
evitably results in physiological and biochemical effects on P.
trituberculatus (Wang et al., 2016). Typhoon transit causes a
series of stress responses in P. trituberculatus. It can also cause
physical dysfunction, body injury and other issues in organisms,
resulting in a large number of deaths over a short period of time
(Chen et al., 2018). The occurrence of a typhoon is generally ac-
companied by changes in SST, salinity and seawater nutrients. Fu
et al. (2016) investigated the effects of typhoons “Nari” and
“Wipha” in 2007 and observed obvious changes in SST and
chlorophyll a concentration in the East China Sea; specifically,
the SST dramatically dropped. Changes in SST affect the feeding
and behavior of P. trituberculatus, causing a decrease in recruit-
ment. The main spawning period of P. trituberculatus in the
northern East China Sea occurs from April to July, and the peak
period of crab larval growth is from early June to mid-September
(Ariyama and Secor, 2010; Ye et al., 2014; Whitehead et al., 2009).

Furthermore, although the results of this study show that the
relationships between SST and EINI and the recruitment of P.
trituberculatus are not significant, the impact cannot be ignored.
It has previously been observed that SST has a significant impact
on the catch of P. trituberculatus in the East China Sea, but there
is no significant relationship between EINI and catch fluctuation
(Yan, 2019). In contrast, Guan and Xuan (2019) reported that
both EINI and SST have an impact on the recruitment of P.
trituberculatus in the East China Sea. The reason why the above
two environmental factors were not significantly related to the re-
cruitment of P. trituberculatus in this study area may be because
the SST and recruitment data were using the annual average val-
ues, instead of a specific month (August) (Wang et al., 2017b;
Yuan et al., 2016) or season (spring spawning season) (Song et al.,
2017), which may weaken the influence of SST on recruitment.

4.2 S-R models

In the traditional Ricker model, spawning stock is the only
factor affecting the growth of recruitment, which is not suitable
for many cases (Zhan, 1995). Cao et al. (2010) find that a model
with environmental factors can simulate fluctuations in recruit-
ment over a short period of time. By contrast, the Ricker model
without environmental factors can only describe the average
trend of recruitment over long periods. Results indicated that the
Ricker model with environmental factors can effectively estimate
recruitment. The research suggests that the two Ricker-type
models considering environmental factors can better describe
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the S-Rrelationship than the traditional Ricker model. The natur-
al environment is very complex, but the traditional Ricker model
only considers spawning stock as a single factor to predict re-
cruitment, which is inadequate. The growth history of P. trituber-
culatus is affected by different environmental factors at various
stages, which could affect their extent of recruitment. Hence, en-
vironmental conditions should be considered when studying the
life history of this species because these conditions can play an
important role in the growth and development of organisms. Keyl
and Wolff (2008) found that variations in fishing stock can be bet-
ter described if environmental or climatic variability is incorpor-
ated into the relevant fishery models, which is consistent with the
results on this study. According to the AIC and BIC between
Models 2 and Models 3, the model in which all the four environ-
mental factors are added to Ricker-type 2 (In-linear) presents
better results than the Ricker-type 3 (In-quadratic polynomial).

In the Ricker model, £ is an index related to density-depend-
ent mortality, and «a is related to density-independent mortality
(Zhan, 1995). The effects of environmental factor on the recruit-
ment biomass are usually density-independent, i.e. organisms do
not suffer different environmental effects due to different densit-
ies. Thus, it is reasonable to add the environmental factors to o.
Nevertheless, the relationship between a and environmental
factors will affect the performance of S-R relationship. As the re-
search results in this paper show that the multiplicative relation-
ship is better than the additive relationship. Model 2 and Model 3
are not only different in the model structure (In-linear environ-
mental impact and In-linear environmental impact, respectively),
but also different in the influence mechanism. In the traditional
Ricker model, a is a group-independent index. For the Model 3,
the environmental factors add to it do not affect the a directly,
while for the Model 2, all the environmental factors directly af-
fect the o, which may be consistent with the influence mechan-
ism of the parameter on the recruitment. In the process of adding
Model 3 (the additive relationship), it is actually a single environ-
ment that individually affects the amount of recruitment. In con-
trast, the addition of each environmental factor in the process of
constructing Model 2 (the multiplicative relationship) will make
the final result affected by the parameter o, which is consistent
with the influence mechanism of the parameter. In summary, the
Model 2 is more reasonable than the Model 3 to describe the ef-
fects of environmental factors on S-R.

Cao et al. (2010) showed that changes in environmental
factors determine recruitment, that is, the better the environ-
ment, the higher the hatching and survival rates of juvenile fish
and the higher the recruitment abundance. The fluctuation of re-
sources could be attributed to changes in environmental condi-
tions and numbers of fish parents. Thus, high recruitment is ob-
served when the optimum spawning stock biomass and favor-
able environmental conditions occur simultaneously (Chen,
2001; Zheng et al., 2008). Many researchers have used simulation
methods based on the evaluation of current management
policies to study the effects of red tide events on fishery re-
sources, investigate the response to future accidental natural
deaths and develop the corresponding fishing strategies (Har-
ford et al., 2018). Thus, the addition of different environmental
factors to the Ricker-based model should be suitable for different
Ricker-type model and could be very important for improving the
fitting accuracy of the S-R model of P. trituberculatus. Consider-
ing the effects of environmental factors also contributes to de-
cision-making responses to emergencies or prevention of the re-
duction of fishing quotas to achieve fishery objectives and man-
agement structures.
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The results in this paper indicate that environmental factors
can give great impact on the S-R relationship of P. trituberculat-
us, and the position of factors and the number of environmental
factors in the Ricker model also have important effects on the S-R
relationship of P. trituberculatus. The Ricker-type model with en-
vironmental factor can well describe the S-R relationship of P.
trituberculatus. Therefore, future effective management and de-
velopment of the P. trituberculatus ought to take into account the
possibility of unexpected events related to climate or the marine
environment. Continuously collect and regularly assess the mar-
ine environmental data and the fishing data of P. trituberculatus
(Ho et al., 2020) is crucial to better understand the relationship
between environment and the change of abundance. Simultan-
eously, it is also important to establish a meteorological warning
mechanism to pay attention to the environmental factors and the
population dynamics of P. trituberculatus. When P. trituberculat-
us is affected by environmental factors or the recruitment is not
enough to maintain the sustainability of the species, measures
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such as quota management or stock enhancement should be
taken in time.

Of course, other factors may also affect recruitment, such as
human interference including fishing and releasing. Figure 13
shows the changes of the fishing effort of the P. trituberculatus
fishery in the East China Sea from 2001 to 2015. To a certain ex-
tent, changes in fishing effort will indirectly affect the size of re-
cruitment by changing the spawning stock. Therefore, it is also
important to consider the fishing effort as one impact factor in
the future studies for the sustainable development and utiliza-
tion of P. trituberculatus resources (Fu et al., 2018). It can be seen
that the mechanism of the recruitment of P. trituberculatus is
complicated. In the future analysis of the S-R relationship of P.
trituberculatus, environmental and non-environmental factors
should be taken into consideration in order to better evaluate the
population dynamics and scientific management of the resource
of P. trituberculatus.
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Fig. 13. Annual variation of fishing efforts of Portunus trituberculatus in the northern East China Sea during 2001-2015.

In addition, due to the limitations of the data, a small num-
ber of environmental factors and short time series are con-
sidered in this study. However, the dynamic model established
based on the influence of annual environmental change on re-
cruitment has been tested and predicted with good results. This
ensures the reliability of the results and has a certain predictabil-
ity for the supplementation of P. trituberculatus under environ-
mental impact. In future studies, the screening for more environ-
mental factors based on the characteristics of P. trituberculatus
growth and development, as well as the living environment is im-
portant, so as to establish a more robust S-R model.
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Appendix A

In order to eliminate the effect of enhancement and releasing on the recruitment of P. trituberculatus, Eq. (A1) was used to calculate
the remaining resource amount when the released population reached the recruitment size (a female population with a nail width of
60-80 mm) as the recruitment of the released P. trituberculatus.

A description of the parameters of equations and the model selection process are as follow:

Nitaratna = Npge~ %, (AD)
Fp, _
Cha = By b, el =)
,a
FL,u = Fuse,Lf (A2)

where N represents the abundance of the P. trituberculatus, Z represents the total mortality coefficient, C is the catch number, Fand M
are the fishing and natural mortality coefficients, respectively, S, represents the fishing gear selectivity, L represents body length and a
represents age.

Appendix B

The natural logarithmic transformed Ricker S-R model is as follow:
ln(R[+1) — lnS, = Ina 7ﬁS[ +¢ (Bl)

where R,,, refers to the recruits in the year t+1, S, represents the spawning stock in year ¢,  and f are parameters in the S-R model; a
represents the number of recruits per spawner at low stock sizes, and f describes how quickly the number of recruits per spawner
drops as spawning stock increases (Hilborn & Walters, 1992); ¢ represents error, € ~ N (0, (72).

According to the method of Zheng et al (2008). The two parameters were estimated by the maximum likelihood method, and the
objective equation is:

N2
1 InR, — lnR“)
L(Ri1q]0) = Hu o mexp - 252 ) (B2)
a1 2

where R, represents the estimated recruitment in year a.
Two Ricker-type S-R models are built: Ricker model with In-linear environmental impact (Ricker-type 2) and Ricker model with In-
quadratic polynomial environmental impact (Ricker-type 3). The environmental-based Ricker model is expressed as follows:

In (Ri11) — InSy = Inf (a4, x;) — BS: + &, (B3)

where i=4, which represents the number of environmental factors, and x; represents the ith environmental factor; here, x,, x,, x;, and
x, represent AORT, SLH, SSS and TYP, respectively. o; and f are the coefficients of the environmental factors.

Taking four environmental factors into two kinds of Ricker-type model as an example, Eqs (A6) (Ricker-type 2 with four
environmental factors) and (A7) (Ricker-type 3 with four environmental factors) show the different forms (In-linear environmental
and In-quadratic polynomial environmental) of environmental-based Ricker-type models:

In (Ri+1) — InS; = Ina + (—fS; + a1 AORT + 0, SLH + 03SSS + a4 TYP + &), (B4)

In (Ri41) — InS; = In (o + a3 AORT + a,SLH + a3SSS + o4 TYP) — S + ¢. (B5)

The step () function in R (version 3.5.3) software is used to carry out stepwise screening regression of environmental factors.

Four environmental factors are added to the Ricker-type model, and the number of environmental factors are also considered,
including one, two, and three. The order in which the factors are added to the models is determined by their rate of contribution. The
model residuals and square of the correlation coefficient were used as test standards to select the optimal model. The models were
adjusted by changing the positions of the environmental factors until they passed the significance test.

AIC = 2k — 2In (L), (B6)

BIC = kln (n) — 2In (L), (B7)

where k is the number of parameters of the model, 7 is the number of observed data and L is the likelihood function.



	1 Introduction
	2 Materials and methods
	2.1 Data sources
	2.1.1 Fishery data
	2.1.2 Environmental factors

	2.2 Analysis methods
	2.2.1 S-R model
	2.2.2 Model-selection criteria
	2.2.3 Model validation


	3 Results
	3.1 Selection of environmental factors
	3.2 Effects of environmental factors on R
	3.3 Ricker-type models with environmental factors
	3.4 Model validation

	4 Discussion
	4.1 Effects of environmental factors on R
	4.2 S-R models

	Acknowledgements

