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This paper presents the efficiency and limitations of Total Allowable Catch (TAC) system, and it is intended to be used as basic research that 
suggests key directions of fishery resources management in Korea.

Two major fish stocks, common mackerel (Scomber japonicus) which is a TAC target species, and small yellow croaker (Larimichthys 
polyactis) which is a TAC non-target species were assessed to evaluate whether TAC target stock is effectively managed by the current TAC system. The 
current stock status was evaluated by estimating the biomass, yield per recruit (YPR) and spawning biomass per recruit (SBPR) at current fishing 
mortality (F) and age at first capture (t ) for TAC target species and non-target species. Since TAC is set based on acceptable biological catch (ABC), the c

biomass according to ABC change was predicted when TAC system is continued to apply. It was assumed to recover habitat, and YPR and SBPR 
according to the increase, and decrease scenarios of nautral mortality (M) and growth rate (K) were predicted.

The biomass trend of TAC target species was stable, and YPR and SBPR 
at current F and t  were similar with YPR and SBPR at optimal F. The biomass of c

TAC non-target species tended to decrease rapidly, and the estimated optimal F by 
YPR and SBPR models was 40-50% of the current F. The biomass of TAC non-
target species according to ABC was predicted doubled within 10 years, however, 
both species did not exceed B  within the next 10 years. YPR and SBPR of both MSY

TAC target and non-target species increased more when the habitat was 
recovered than the current F and t  change. c

Fishery resources management by TAC system has a positive 
effect on the stock status, but, there was a limit to increase biomass above the 
target reference point level. If a species which is seriously low stock status, yield 
and spawning biomass were increased to adjust only F and t . However, yield and c

spawning biomass of TAC target species was increased by only habitat recovery. 
And also, yield and spawning biomass of TAC target species were more increased 
when adjusted to optimal F and t  in recovered habitat. Therefore, fisheries c

management will be more effective if TAC is a basic management tool and a holistic 
ecosystem approach considering various factors such as biodiversity, habitat 
quality, and socio-economic benefits, is considered.

Ecosystem-based fishery management, Spawning biomass, TAC 
system, Yield per recruit
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Introduction

In Korea, despite taking various fisheries management 
actions such as indirect or direct management actions and TAC 
system, the total offshore production has decreased by 1 million 
tons. The importance of recovery and management of fishery 
resources is emphasized as decline in the fishery resources has 
become one of the common issues worldwide apart from Korea 
(OECD, 2010, 2012). As actions of recovery and management for 
fishery resources, Korea has taken several measures for 
prohibiting fishing season, capture size and fishing ground, 
however, the amount of resources still remain low (Yoon, 2014). 

A total of 12 fish species, such as common mackerel, 
horse mackerel, sardine, red snow crab, and common squid, and 
total of 14 fisheries have adopted direct fishing management 
system based on the Total Allowable Catch (TAC) system in 2019. 
In accordance with the ‘fishery innovation 2030’ plan, the 
government plans to expand the TAC system with the goal of 
recovering 503 million tons of fishery resources in the Korean 
waters until 2030, and change to a TAC-based resource managed 
fishing structure that increases up to 80% of the catch rate for 
managed species

TAC system is easy to implement because it just limits the 
specific catch for each designated species, and it is widely used in 
most countries due to its excellence in resource management 
because it can maximize the effect of fishing management 
(Zhang, 2010, Seo et al., 2014). As stock status of common 
mackerel, one of the species targeted for TAC system, the 
biomass is maintained without a rapid increase or decrease (Park 
and Kwon, 2019; Jung, 2019). However, the TAC system should 
pay the cost for TAC calculation, and there are also problems 
such as bycatch, overfishing and underfishing, and fishery 
income reduction (Zhang, 2010). In addition, the effect of 
resource management may be reduced when multi-species are 
caught in a single fishery or when specific species is caught in 
multi-fishery to apply TAC system (Seo et al., 2014).

In this study, to evaluate the effect of TAC system, we 
analyzed the current stock status, and the biomass projection 
when the TAC system was continued for the common mackerel 
which is managed TAC target species and small yellow croaker 
which is TAC non-target species. Through this, the efficiency and 
limitations of TAC system are presented, and it is intended to be 
used for basic research that suggest directions for managing 
fishery resources in future.

Common mackerel (Scomber japonicus) belongs to 
family Scombridae, and is mainly distributed in the coastal waters 
of Korea, the coastal waters of Japan, the coast of China, and the 
coast of California in the United States (Yamada et al., 1986). In 
Korea, more than 90% of common mackerel are caught by large 
purse seine fishery, and since being set as a target species for 

TAC system in 1999, the catch limit has been set and managed at 
a level of about 140,000 tons in the last 10 years for large purse 
seine fishery. In addition, in, accordance with the Fisheries 
Resource Management Act, the government has been taking 
measures on prohibiting capture size considering 50% maturity 
size (less than 21cm in length) and fishing period considering 
spawning season (1 month, in April to June) since 2016. 

Small yellow croaker (Larimichthys polyactis) belongs to 
family Sciaenidae, and is widely distributed in the south western 
sea, and East China Sea of Korea (Ikeda, 1964). This species is 
widely distributed in the North west Pacific is a resource 
commonly caught in Korea, Japan, China, and Taiwan, and is 
classified as a major fish species in Korea’s coastal waters. Small 
yellow croaker is managed by the prohibited capture size (below 
15cm in length) and prohibited season of fishing (July: all fishery, 
4.22. ~ 8.10: offshore gill net) under the Fisheries Resource 
Management Act, and it plans to introduce as a TAC management 
target species in 2020. The prohibitions on fishing period and 
capture size were set in 2010 and 2015, respectfully in line with 
the revision of Fisheries Resource Management Act.

Materials and Methods

Standardized fishing effort 

The surplus production model is a simple method to 
estimate the maximum sustainable yield (MSY), carrying capacity 
(B ), biomass at MSY (B ), and fishing effort at MSY (f ), based ¥ MSY MSY

on the amount of catch and effort. As it is a simple method, the 
result from this method is likely sensitive to the data, so it should 
use data that can reflect the condition of the resource well.

Due to Korean fishing condition, it should be re-calculated 
as the amount of effort for the target species caught in the target 
fisheries because it is caught in multi-fishery or multi-species. In 
this study, after the fishery without artificial restrictions such as 
prohibition on fishing ground was selected as target fishery, the 
effort was re-calculated based on the catch ratio of each fishery, 
as in Eq. 1. The re-calculated effort amount was calculated as the 
ratio of total catch amount of target species as shown in Eq. 2, and 
used as total effort amount.

Where, i is the year, j is the species, f is the fishery, E is the effort, 
and C is the catch. If there are two or more fisheries, re-calculated 
effort was weighted by catch of the fisheries.

Common mackerel has been caught more than 90% by 
large purse seine fishery, and has no artificial limiting factors yet. 

Y. Kwon et al.: Evaluation of TAC-based fishery resources management  

E  = E          ; if f > 1 then E  = i,j,f i,f i, j, f

Ci,j,f S    E Ci,f  i,j,f 

Ci,f

n

f = 1

S    Ci,j,f 

n
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Eq. 1

E Ci,j,f  i,j 

 Ci,j,f 

Eq. 2E = i,j 
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Data were used from the Fisheries Statistics Yearbook, which 
was classified as a large purse seine fishery since 1978. The unit 
of effort was horsepower. Since the catch of common mackerel 
reported in large purse seine fishery before 2008 was counted 
with blue mackerel, to calculate the correct common mackerel 
catch ratio, the average value of annual ratio of common 
mackerel and blue mackerel aggregated from 2008 to 2018 was 
calculated as the common mackerel catch from 1978 to 2007.

Small yellow croaker is mostly caught by four fisheries 
which are offshore stow net on anchor, offshore gill nets, large 
bottom pair trawl and large Danish seine trawl. Two trawl 
fisheries, however, were excluded from this study because of 
their limited fishing area. Therefore, the fishing effort was used as 
horsepower for offshore stow net on anchor and offshore gill nets, 
and the effort of small yellow croaker was calculated in the same 
calculation as mackerel. Efforts for two fisheries were weighted 
for catch by fisheries, and the effort was converted.

Biomass trend and current stock status

Population ecological parameters : To evaluate the current 
stock status of common mackerel and small yellow croaker, the 
ecological parameters such as mortalities, growth coefficient, and 
age at first capture were used to estimate acceptable biological 
catch (ABC), yield per recruit (YPR) and spawning biomass per 
recruit (SBPR) (Table 1). The ecological parameters of common 
mackerel are as follows (Choi et al., 2004): natural mortality (M): 
0.41/year, maximum weight (W ): 2,324g, maximum age (t ): 10 ¥ L

years, growth coefficient (K): 0.299/year, maximum length (L ): ¥

51.7cm, age at length 0: –0.43year. The ecological parameters of 
small yellow croaker are as follows (Zhang et al., 2014, Lee et al., 
2000, NIFS, 1988): natural mortality (M): 0.33/year, maximum 
weight ((W ): 545.2g, maximum age (t ): 10 years, growth ¥ L

coefficient (K): 0.201/year, maximum length (L ): 37.1cm, age at ¥

length 0: –1.88year. The current fishing mortality (F) and the age 
at first capture (t ) were estimated by Pauly (1984)’s catch curve c

method using the data of length composition of common 
mackerel and small yellow croaker from 2016 to 2018 
(unpublished data from National Institute of Fisheries Science). 
The age of recruit fishing ground, the minimum length of length 
composition data for common mackerel and small yellow croaker 
was estimated by von Bertalanffy growth equation (Choi et al., 
2004, Lee et al., 2000).

Parameters by surplus production model : To diagnose the 
current resource condition, the maximum sustainable yield 
(MSY), carrying capacity, and B  were estimated by the surplus MSY

production model. The parameters of surplus production model 
were estimated by Schaefer method (Schaefer, 1954, 1957), 
which is a traditional surplus production model that assumes 
equilibrium condition, and the maximum entropy (ME) method 
(Golan et al., 1996), which is non- equilibrium surplus production 
model. The Schaefer method is given as Eq. 3:

Eq. 3

where, Y* is the annual equilibrium yield, U is the maximum catch ¥ 

per unit effort, q is the catchability, r is the intrinsic growth rate, and 
f is the fishing effort. MSY =  U / 4q, f  = r / 2q.¥ MSY

Maximum entropy model parameters were estimated by Eq. 4:

Eq. 4

where, h represents the maximum range of probability p of each 
parameter.

Biomass and acceptable biological catch (ABC)

The biomass was estimated by Verhulst’s logistic function 
as Eq. 5 to use the estimated parameters by ME model.

Eq. 5

To diagnose the annual catch level, ABC was estimated 
through 5-tier acceptable biological catch (ABC) estimation 
system (Zhang and Lee, 2001). In this study, the biomass of 
common mackerel and small yellow croaker were estimated by 
tier-1, which requires annual biomass, B , and F . tier-1 is MSY MSY

shown in the following equations, and α = 0.05.

a) Stock status: B/B  > 1  :  F  £ FMSY ABC MSY

b) Stock status: α < B/B  £ 1 : F  £ F × (B/B -α)/(1-α) MSY ABC MSY MSY

c) Stock status : B/B  £ α : F  = 0MSY ABC

d) Equation used to determine ABC in tiers 1–3: 

Table 1 : Ecological parameters of common mackerel and small yellow croaker from previous studies and estimated fishing mortality and age at first 
capture in this study

Parameters Common mackerel Small yellow croaker

Natural mortality (M) 0.41/year (Choi et al., 2004) 0.331 (Zhang et al., 2013)
Maximum weight (W ) 2,324g (Choi et al., 2004) 545.2g (Lee et al., 2000)¥

Maximum age (t ) 10 year (Choi et al., 2004) 10 year (NIFS, 1988)L

Growth rate (K) 0.299/year (Choi et al., 2004) 0.201/year (Lee et al., 2000)
Maximum length (L ) 51.67cm (Choi et al., 2004) 37.11cm (Lee et al., 2000)¥

Age at length 0 (t ) -0.43/year (Choi et al., 2004) -1.88 year (Lee et al., 2000)0

2Y* = U  f - (          ) f¥

U  q¥

r

B  = [B + rB  (1 -       ) = C ] exp (µ )t+1 t t t t

Bt

B¥

r = p  0 + p  0.5 + p 1; B  = p  0 +         + p   h; MSY=r B /4¥ ¥

r r 

1 2

p   h

2
r 

3

B¥ B¥

1 3

B¥

2

-(M + F )ABCABC =                   (1 - e )
BFABC

M + FABC
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Yield per recruit (YPR) model : The yield per recruit model, 
which is currently used as an indicator of growth-overfishing, was 
used to diagnose resource conditions (Ye, 1998, Kvamme and 
Bogstad, 2007). YPR model diagnoses the current state by 
estimating the change in yield according to recruit, and is used for 
resource evaluation by estimating optimal fishing mortality (F) 
and optimal age at first capture (t ). The YPR model of Beverton c

and Holt (1957) is shown in Eq. 6.t

Eq. 6

where, F is insantaneous coefficient of fishing mortality, M is 
natural mortlaity, t  is age at first capture, t  is age at recruitment,  c r

W  is asymptotic weight, K is growth coefficient, t  is age at zero ¥ 0

length, t  is maximum age, U  is a summation parameter equal to L n

+1, -3, +3, and -1 for n=0, 1, 2 and 3, respectively.

Spawning biomass per recruit (SBPR) model : The degree of 
recruitment-overfishing can be diagnosed with F and t  through c

SBPR, and optimal F and optimal t  for maintaining optimal c

spawning biomass were estimated. The SBPR equation given 
below was used to estimate the F which maintain the spawning 
biomass at 35% (F ) and 40% (F ) at a given age of recruitment 35% 40%

for an un-fished population.

Eq. 7

where, SB is spawning biomass and m is the proportion of mature 
females. The proportion of mature female of common mackerel 
are 0.02, 0.3, 0.85 and 1.0 for ages 1, 2, 3 and 4, respectively. Age 
4 was considered to be the age at full maturity (Choi et al., 2004, 
Kim et al., 2020). The proportions of mature female of small yellow 
croaker are 0.47, 0.58, 0.70 and 1.0 for ages 1, 2, 3 and 4, 
respectively. Age 4 was considered to be the age at full maturity 
(Lee et al., 2015).

Projection for management

Biomass projection according to ABC level : For the prediction 
of biomass according to the ABC level, the estimated biomass 
was predicted for the next 10 years by Eq. 8 using the estimated 
parameters from the ME model.

Eq. 8

where, RV is the random variation coefficient. Since the actual 
carrying capacity fluctuates annually by environmental factors 
such as climate change, the biomass was estimated by assuming 
that it fluctuates randomly within the range of CV  for carrying B¥

capacity.  CV was calculated by Jackknife resampling method.  B¥ 

C used the estimated annual ABC.t

YPR and SBPR projection by habitat recovery scenarios : 
Marine life is affected by changes in the environment, and early 

life stage is particularly vulnerable to changes in the environment. 
Environmental factors are some of the natural components, such 
as salt in seawater, but there are also artificial compounds that are 
pollutants. In particular, the density of food organisms decreases 
due to nursery ground, or it is known that the inflow of hot or cold 
waste water has a serious effect on the growth and survival of 
eggs and autonomous fish (Kim and Zhang, 1994). Growth of 
fishes may be a good index of habitat quality because fast growth 
implies that sufficient food is available, and individuals may 
achieve a size refuge from predators quickly (Sogard, 1997).

In this study, there were four scenarios that were consider 
to increase or decrease the natural mortality (M) and growth rate 
(K) due to the recovery of habitats. YPR and SBPR were 
predicted according to the 5% and 10% increase or decrease 
scenarios of the current M and K. YPR and SBPR were estimated 
using Eqs. 6 and 7.

S1: 5% reduction from current M; S2: 10% reduction from current M; 
S3: 5% increase from current K; S4: 10% increase from current K.

Results and Discussion 

Standardized fishing effort

Fishing effort of common mackerel increased rapidly until 
mid-1990s, since late 1990s when the TAC system was applied, 
the fishing effort had dropped sharply (Fig. 1a). Since then, in late 
2000s, it has been shown to have a generally gentle shape 
without a sharp increase or decrease. Fishing effort of small 
yellow croakers caught by offshore stow net on anchor and 
offshore gillnet has tend to increase continuously, especially it has 
increased rapidly, since 2000s (Fig. 1b).

Biomass trend and current stock status

Surplus production model parameters : The maximum 
sustainable yield (MSYs) of common mackerel estimated by 
Schaefer and ME models was 153,686 tons and 149,629 tons, 
respectively (p-value <0.05). Carrying capacity was estimated to 
be 1,161,600 tons, and B , biomass at MSY was estimated to be MSY

580,800 tons (Table 2). The MSYs of small yellow croaker 
estimated by Schaefer model and ME model were 32,500 ton and 
38,200 ton, respectively (p-value <0.05). Carrying capacity was 
estimated to be 314,400 tons and B  to 157,200 tons (Table 2).MSY

Biomass and acceptable biological catch (ABC)

Common mackerel : Common mackerel was caught around 100 
tons in 1980s, but increased by 150 tons since 1990s, and the 
amount of catch caught was around 110 tons, after 1999 when 
TAC system was applied. On comparing the amount of catch with 
the estimated ABC, until the beginning of introduction of TAC 
system, the catch amount exceeded ABC. Since mid-2000s when 
the system was stabilized, it was caught mostly within the ABC 
range. In 2018, the common mackerel catch was 126 thousand 

B  = B  + rB  (          )-C ; RV=(1-CV )+((2CV )RANDO)t+1 t t t B¥ B¥

1-Bt

B RV¥

= Fe         W  S                  (1-e              )¥

-nK(t -t )c 0U  e¥

F+M+nkR
Y 3

n

[-F+M+nK) (t -t )]L c
(-M(t -t ))c r

= me        W  S                      (1-e              )i ¥

-nK(t -t )c 0U  e¥

F+M+nkR
SB 3

n = 0

[-F+M+nK) (t -t )]L c
(-M(t -t ))c r
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tons, which was lower than the estimated MSY of 149 thousand 
tons by the ME model, and was estimated to be about 125 
thousand tons in the estimated ABC (Fig. 2a).

The biomass of common mackerel tended to decrease 
since mid-1980s. In last 10 years, the biomass was around 
500,000 tons, and the fluctuation was not large, but it remained 
lower than B . In 2018, biomass was estimated as 510,000 tons, MSY

88% of B  and 44% carrying capacity (Fig. 2b). MSY

Small yellow croaker : The catch of small yellow croaker 
increased or decreased every 20 years, the catch increased 
rapidly during early 1990s and late 2000s. On comparing the 
catch with estimated ABC, the amount of catch was significantly 
over ABC from the late 2000s. In 2018, the catch of small yellow 
croaker was 23 thousand tons, which was 61% of MSY, it was 
caught about 5 times more than 4,000 tons of ABC (Fig. 3a).

The biomass of small yellow croaker showed a steep 
decline trend until early 2000s, it was estimated to be about 
50,000 tons in 2018. In 2018, the biomass was estimated to be 
31% of the B  level of 160 thousand ton, and estimated to be MSY

16% of the carrying capacity (Fig. 3b).

Yield per recruit (YPR) 

The estimated current fishing mortality (F), age at first 
capture (t ), and age of recruitment (t ) by Pauly (1984)’s catch c r

curve method is shown in Table 3. Current F, t , and t  of common c r

mackerel were estimated 0.56/year, 1.48 year, and 0.37 year and 
that of small yellow croaker was estimated 0.83/year, 0.51 year, 
and 0.1 year, respectively.

Common mackerel : The isopleth diagrams of YPR for common 
mackerel is shown in Fig. 4 (a). The YPR of P (current level, F = 
0.56/year and t  = 1.48 year) of common mackerel was estimated c

to be 172.5 g. F was maintained to increase YPR at the current 
level, and if t  was increased from 1.48 year to 2.33 year, YPR c

increased by 7.0% to 184.6 g. Also, t  was maintained, and if F c

increased from 0.56/year to 0.70/year, YPR increased 0.8% to 
173.9 g.

Small yellow croaker : The isopleth diagrams of YPR for small 
yellow croaker is shown in Fig. 4 (b). The YPR of P (current level, 
F = 0.83/year and t  = 0.51 year) of small yellow croaker was c

estimated to be 38.8 g. F was maintained to increase YPR at the 
current level, and if t  was increased from 0.51 year to 1.9 year, c

YPR increased by 16.4% to 45.2 g. Also, t  was maintained, and if c

F decreased from 0.83/year to 0.5/year, YPR increased 3.8% to 
40.3g.

Spawning biomass per recruit (SBPR)

Common mackerel : The SBPR of common mackerel is shown 
in Fig. 5 (a). The SBPR of P (current level, F = 0.56/year and t  = c

1.48 year) of common mackerel was estimated to be 49.12 g. F 
was maintained so as to increase SBPR at the current level, and if 
t  was increased from 1.48 year to 3.6 year, SBPR increased to c

276.94 g. Also, t  was maintained, and if F decreased from c

0.56/year to 0.40/year as F , SBPR increased to 76.01 g.35%

Small yellow croaker : The SBPR of small yellow croaker is 
shown in Fig. 5 (b). The SBPR of P (current level, F = 0.83/year 
and t  = 0.51 year) of small yellow croaker was estimated to be c

15.52 g. F was maintained so as to increase SBPR at the current 
level, and if t  was increased from 0.51 year to 3.9 year, SBPR c

increased to 56.92 g. Also, t  was maintained, and if F decreased c

from 0.83/year to 0.27/year as F , SBPR increased to 56.92 g.40%

Projection for management : Biomass projection according 
to ABC level 

Common mackerel : As a result of biomass projection for the 
next 10 years according to ABC for the effect analysis of TAC 
system, the biomass of common mackerel tended to increase 
slightly to an average of 550 thousand tons, biomass, however, 
was still below B  (Fig. 6a). The biomass of common mackerel MSY

was expected to reach 95% of B  levels after 10 years later. If MSY

biomass was raised to B  level of 580,000 tons, the catch could MSY

increase about 1.2 times the current catch (Fig. 6b).

Small yellow croaker : As a result of biomass projection for the 
next 10 years according to ABC for the effect analysis of TAC 

Fig. 1 : Nominal (dot-lines) and standardized (solid lines) effort of (a) 
common mackerel and (b) small yellow croaker in the Korean Waters.
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system, the biomass tended to increase. It was estimated to be 
about 100,000 tons after 10 years later, which was double the 
biomass as of 2018. However, it was still only 65% of B  and MSY

35% of carrying capacity (Fig. 7a). When biomass of small yellow 
croaker after 30 years predicted, the TAC system did not reach 
95% level of B  within the next 30 years by catch control only. If MSY

the biomass was raised to B  level, the catch would increase MSY

about 1.6 times the current catch (Fig. 7b).

YPR and SBPR projection by habitat recovery scenarios

Yield per recruit (YPR)

Common mackerel : S1 and S2: 5% and 10% reduction from 
current M. When natural mortality coefficient (M) was reduced only 
by 5% and 10% at the current F and t , the YPR of common c

mackerel was 182.6g and 112.2g, respectively, increasing by 5.8% 
and 12.1% of the estimated value at the current M (Figs. 8a, 8b). 

Fig. 2 : (a) Estimates of maximum sustainable yield (MSY) by ME model and variations in annual catch and (b) annual biomass of common mackerel in 
the Korean Waters. Solid lines indicate annual acceptable biological catch (ABC).
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Fig. 3 : (a) Estimates of maximum sustainable yield (MSY) by ME model and variations in annual catch, and (b) annual biomass of small yellow croaker in 
the Korean Waters. Solid lines indicate annual acceptable biological catch (ABC).
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Table 2 : Estimated parameters by surplus production models of common mackerel and small yellow croaker in the Korean Waters

       Common mackerel    Small yellow croaker

Schaefer model ME model Schaefer model ME model

Maximum sustain yield (MSY) 153,686 149,629 32,500 38,200
Fishing effort at MSY (f ) 188,693 121,257 60,045 43,557MSY

Carrying capacity (B ) - 1,161,600 - 314,400¥

Biomass at MSY (B ) - 580,800 - 157,200MSY

Intrinsic growth rate (r) - 0.515 - 0.486
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When M was decreased by 5%, optimal F and t  were estimated to c

0.65/year and 2.44 years, and YPR was calculated to be 183.3g 
and 198.1g (Fig. 8a). When M was decreased by 10%, optimal F 
and t  were estimated to 0.61/year and 2.55 years, and YPR was c

calculated to be 193.7g and 213.1g (Fig. 8b). Compared to the YPR 
at current F, t , and M, 172.5g, the increase of YPR was greater, c

depending on the degree of decrease of M, and the increase of 
YPR was greater when t  was increased than F. YPR increased by c

Fig. 4 : Isopleth diagrams of yield per recruit (YPR) for (a) common mackerel and (b) small yellow croaker at current fishing mortality and age at first 
capture. Points P indicate YPR for current fishing mortality and age at first capture.
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Fig. 5 : Isopleth diagrams of spawning biomass per recruit (SBPR) for (a) common mackerel and (b) small yellow croaker current fishing mortality and 
age at first capture. Points P indicate SBPR for current fishing mortality and age at first capture.
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Fig. 6 : (a) Biomass projection for 10-year based on current ABC and (b) goals for rebuilding fisheries resources and recovering fishery yields in terms of 
target biomass and MSY of common mackerel in the Korean Waters.
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Table 3 : Estimated current F, t and t  of common mackerel and small yellow croaker in the Korean Watersc r

Estimation Common mackerel Small yellow croaker

Fishing mortality (F) 0.56/year 0.83/year
Age at first capture (t ) 1.48 year 0.51 c

Age of recruitment (t ) 0.37 year 0.1 yearr

year

1415Y. Kwon et al.: Evaluation of TAC-based fishery resources management  
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7.0% when t  was increased at the current level, but increased by c

8.5% when M was reduced, only, by 5% at current F and t , and by c

10.2% when M was decreased, only, by 10% at current F and t .c

S3 and S4: 5% and 10% increase from current K. When 
the growth rate (K) was increased only by 5% and 10% at the 
current F and t , the YPR of common mackerel was 187.4g and c

202.4g, respectively (Figs. 8c, 8d). When K was increased by 5%, 

optimal F and t  were estimated to 0.73/year and 2.27 years, and c

YPR was calculated to be 189.5g and 198.8g, respectively (Fig. 
8c). When K was increased by 10%, optimal F and t  were c

estimated to 0.77/year and 2.20 years, and YPR was calculated to 
be 205.4g and 212.9g (Fig. 8d). Compared to the YPR at current 
F, t , and K, 172.5g, the increase of YPR was greater, depending c

on the degree of increase of K, and the increase of YPR was 

Fig. 7 : (a) Biomass projection for 10-year based on current ABC and (b) goals for rebuilding fisheries resources and recovering fishery yields in terms of 
target biomass and MSY of small yellow croaker in the Korean Waters.
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greater when t  was increased than F. YPR increased by 7.0% c

when t  was increased at the current level, but increased by 15.2% c

when K was increased, only, by 5% at current F and t , and by c

23.4% when K was increased, only, by 10% at current F and t . c

The increase in K was greater YPR than the decrease in M.

Small yellow croaker : S1 and S2: 5% and 10% reduction from 
current M. When natural mortality coefficient (M) was reduced 

only by 5% and 10% at the current F and t , the YPR of small c

yellow croaker was 40.0g and 41.3g, respectively, increasing by 
3.1% and 6.2% of the estimated value at the current M (Figs. 9a, 
9b). When M decreased by 5%, optimal F and t  were estimated to c

0.47/year and 2.50 years, and YPR was calculated to be 42.0g 
and 51.0g (Fig. 9a). When M was decreased by 10%, optimal F 
and t  were estimated to 0.44/year and 2.67 years, and YPR was c

calculated to be 43.9g and 54.2g (Fig. 9b). Compared to the YPR 

Fig. 8 : Isopleth diagrams of yield per recruit (YPR) for common mackerel by scenarios. Points P indicate YPR for current fishing mortality and age at first 
capture.

(a) S1. 5% reduction from current M (b) S2. 10% reduction from current M

(c) S3. 5% increase from current K (d) S4. 10% increase from current K
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at current F, t , and M, 38.8g, the increase of YPR was greater c

depending on the degree of decrease of M, and the increase of 
YPR was greater when t  was increased than F. YPR increased by c

16.4% when t  was increased at the current level, but increased by c

31.4% when M was reduced, only, by 5% at current F and t , and c

by 39.5% when M was decreased, only, by 10% at current F and t .c

S3 and S4: 5% and 10% increase from current K. When 
the growth rate (K) was increased only by 5% and 10% at the 
current F and t , the YPR of small yellow croaker was 42.8g and c

46.9g, respectively (Figs. 9c, 9d). When K was increased by 
5%, optimal F and t  were estimated to 0.52/year and 2.25 c

years, and YPR was calculated to be 44.2g and 52.3g, 

Fig. 9 : Isopleth diagrams of yield per recruitment (YPR) for small yellow croaker by scenarios. Points P indicate YPR for current fishing mortality and age 
at first capture.

(a) S1. 5% reduction from current M

(c) S3. 5% increase from current K

(b) S2. 10% reduction from current M

(d) S4. 10% increase from current K
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respectively (Fig. 9c). When K was increased by 10%, optimal 
F and t  were estimated to 0.54/year and 2.17 years, and YPR c

was calculated to be 48.1g and 56.4g (Fig. 9d). Compared to 
the YPR at current F, t , and K, 38.8g, the increase of YPR was c

greater depending on the degree of increase of K, and the 
increase of YPR was greater when t  was increased than F. c

YPR increased by 16.4% when t  was increased at the current c

level, but increased by 34.6% when K was increased, only, by 
5% at current F and t , and by 45.3% when K was increased, c

only, by 10% at current F and t . The increase in K was greater c

YPR than the decrease in M, same results as common 
mackerel.

Fig. 10 : Isopleth diagrams of spawning biomass per recruit (SBPR) for common mackerel by scenarios. Points P indicate SBPR for current fishing 
mortality and age at first capture.

(c) S3. 5% increase from current K (c) S4. 10% increase from current K
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(b) S2. 10% reduction from current M
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Spawning biomass per recruit (SPBR)

Common mackerel : S1 and S2: 5% and 10% reduction from 
current M. When natural mortality coefficient (M) was reduced 
only by 5% and 10% at the current F and t , the SBPR of common c

mackerel was 50.0g and 55.1g, respectively, (Figs. 10a, 10b). 
When M was decreased by 5%, optimal F (F ) and t  were 35% c

estimated to 0.39/year and 3.8 years, and SBPR was calculated 

to be 71.7g and 304.1g (Fig. 10a). When M was decreased by 
10%, F  and t  were estimated to 0.38/year and 3.9 years, and 35% c

YPR was calculated to be 78.8g and 335.0g (Fig. 10b). Compared 
to the SBPR at current F, t , and M, 49.1g, the increase of SBPR c

was greater depending on the degree of decrease of M. SBPR 
increased by 564% when t  was increased at the current level, but c

increased by 585% when M was reduced, only, by 5% at current F 
and t , and by 608% when M was decreased, only, by 10% at c

Fig. 11 : Isopleth diagrams of spawning biomass per recruit (SBPR) for small yellow croaker by scenarios. Points P indicate SBPR for current fishing 
mortality and age at first capture.

(a) S1. 5% reduction from current M
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current F and t . The more M decreased, the increase of SBPR c

was greater according to the change in t .c

S3 and S4: 5% and 10% increase from current K. When 
the growth rate (K) was increased only by 5% and 10% at the 
current F and t , the SBPR of common mackerel was 53.4g and c

57.6g, respectively (Figs. 10c, 10d). When K was increased by 
5%, F  and t  were estimated to 0.41/year and 3.5 years, and 35% c

SBPR was calculated to be 69.6g and 294.1g, respectively (Fig. 
10c). When K was increased by 10%, F  and t  were estimated to 35% c

0.42/year and 3.3 years, and SBPR was calculated to be 73.7g 
and 310.6g (Fig. 10d). Compared to the SBPR at current F, t , and c

K, 49.1g, the increase of SBPR was greater depending on the 
degree of increase of K. SBPR increased by 564% when t  was c

increased at the current level, but increased by 551% when K was 
increased, only, by 5% at current F and t , and by 539% when K c

was increased, only, by 10% at current F and t .c

Small yellow croaker : S1 and S2: 5% and 10% reduction from 
current M. When the natural mortality coefficient (M) was reduced 
only by 5% and 10% at the current F and t , the SBPR of small c

yellow croaker was 16.0g and 16.5g, respectively, (Figs. 11a, 
11b). When M was decreased by 5%, F  and t  were estimated to 40% c

0.26/year and 4.0 years, and SBPR was calculated to be 49.5g 
and 62.7g (Fig. 11a). When M was decreased by 10%, F  and t  40% c

were estimated to 0.25/year and 3.9 years, and SBPR was 
calculated to be 53.5g and 66.8g (Fig. 11b). Compared to the 
SBPR at current F, t , and M, 15.5g, the increase of SBPR was c

greater depending on the degree of decrease of M. SBPR 
increased by 367% when t  was increased at the current level, but c

increased by 392% when M was reduced, only, by 5% at current F 
and t , and by 405% when M was decreased, only, by 10% at c

current F and t . The more M decreased, the increase of SBPR c

was greater according to the change in t .c

S3 and S4: 5% and 10% increase from current K. When 
the growth rate (K) was increased only by 5% and 10% at the 
current F and t , the SBPR of small yellow croaker was 17.1g and c

18.8g, respectively (Figs. 11c, 11d). When K was increased by 
5%, F  and t  were estimated to 0.27/year and 4.0 years, and 40% c

SBPR was calculated to be 49.3g and 54.4g, respectively (Fig. 
11c). When K was increased by 10%, F  and t  were estimated to 40% c

0.28/year and 4.0 years, and SBPR was calculated to be 52.7g 
and 57.8g (Fig. 11d). Compared to the SBPR at current F, t , and c

K, 15.5g, the increase of SBPR was greater depending on the 
degree of increase of K. SBPR increased by 367% when t  was c

increased at the current level, but increased by 318% when K was 
increased, only, by 5% at current F and t , and by 308% when K c

was increased, only, by 10% at current F and t .c

To evaluate of TAC-based fishery resources 
management, we analyzed the current catch status, biomass 
status, and projection for common mackerel, which is the target 
species of TAC system, and small yellow croaker, non-target 

species of TAC system. To understand the current biomass trend 
and stock status, as a result of standardizing fishing effort by 
fisheries and species, the fishing effort of common mackerel has 
risen sharply before TAC system, and then the effort decreased, 
and is currently maintained at around 100,000 horsepower. On 
the other hand, the small yellow croaker had a steep increase 
fishing effort each year because there were no regulations on 
effort or catch. There were some reasons the increased fishing 
effort. One of them, there was increase of offshore nets fishery 
effort due to preempt good fishing ground and to move long 
distance fishing ground. And the other reason was the biomass 
reduction by overfishing (Seo et al., 2019).

MSY by surplus production models assuming equilibrium 
and non-equilibrium was estimated to range between 149 
thousand to 154 thousand tons for common mackerel. The MSY 
of common mackerel estimated by Choi et al. (2004) was similar 
to that of 137 thousand tons to 171 thousand tons. The MSY of 
mall yellow croaker was estimated to range between 33 thousand 
to 38 thousand tons. The MSY of the small yellow croaker 
estimated by Zhang et al. (1992) was similar to that of 33 
thousand to 45 thousand tons. 

The amount of catch for common mackerel had increased, 
continuously, before TAC system, but it has declined since then, 
and catch has recently caught about 100 thousand tons. Recent 
catch level was similar to ABC level. Recent biomass has been 
maintained at around 500 thousand tons, but the biomass is still 
maintained at a lower level than B . Small yellow croaker has no MSY

regulation on catch, so in recent years it has been caught 
significantly above the ABC level. The biomass also declined 
rapidly, and recently it was estimated to be 31% of the B  level of MSY

160 thousand tons. If there were set only indirect fishery 
management such as prohibited capture size and prohibited 
season of fishing, for small yellow croaker, then it was high possible 
to be decrease of biomass. However, there was a possibility of 
stock recovery when TAC was set to low level (Kim, 2016).

There was little increase of YPR of common mackerel 
according to F change, however, the increase of YPR increased 
from 7.0% to 23.4% according to the change of t . The results of c

SBRP showed that spawning biomass (SB) increased with 
increasing t , similar to the result of YPR model. However, to c

increase SB, optimal F (F ) should be decreased. Since 50% of 35%

the maturity is 31.4cm (2.7 years old), if the current t  of 1.48 years c

is maintained, there is a high possibility of growth-overfishing 
(Kim et al., 2020, Choi et al., 2004). However, because the 
amount of catch was strongly regulated under TAC system, the 
biomass was maintained at an appropriate level. To have 
maximum YPR of small yellow croaker, the optimal F was lowered 
to 50-60% of current level and the optimal t  should also be c

increased by 2 years older. Current F and t  level are high, and if c

the catch level is maintained at the current level, the stock status 
will decrease at great level (Zhang et al., 1992, Lee et al., 2015). 

1421Y. Kwon et al.: Evaluation of TAC-based fishery resources management  
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The results of biomass projection according to ABC level, 
the predicted biomass of common mackerel increased slightly, 
but it was not above the B level. The predicted biomass of small MSY 

yellow croaker increased about twice the current level, however, it 
was still 65% of B . MSY

If the species which has rapidly decreased biomass, such 
as a small yellow croaker, applies the TAC system, the effect of 
fisheries management can be maximized (Zhang, 2010). 
However, as TAC system regulates the catches to manage target 
species and target fishery, if selective fishing is not possible, when 
a specific species becomes a target species of TAC system, over-
catch, under-catch or bycatch of other related species may be 
caused. It may negatively damage biomass or ecosystem (Seo et 
al. 2014). 

The results of YPR of common mackerel and small yellow 
croaker according increase or decrease M and K by habitat 
recovery indicated YRP increased more depending on degree of 
decrease M and increase K. YPR increased more when to change 
t  than F. The results of SBPR were similar to those of YPR, and c

spawning biomass increased as M decreased and K increased.

According to the results of habitat recovery, it was found 
that regulations on fishing intensity and prohibited capture size 
are also effective for fisheries management, but it is also effective 
to recover the habitat and increase the natural death coefficient or 
increase the growth rate even if current F and t  are maintained. c

After habitat recovery, changing F and t  increased YPR by up to c

23.4% for common mackerel and up to 45.3% for small yellow 
croaker. And also, SBPR of common mackerel and small yellow 
croaker were increased up to 608% and 405%, respectively. 
Therefore, if optimal fishing intensity and prohibited capture size 
were set with habitat recovery, it would appear to show efficiency 
in terms of fisheries management as well as increase in 
production (Zhang et al., 2016).

Although the common mackerel has been managed more 
consistently with the TAC system than other species, the risk 
factors due to biomass remaining lower than the B  and MSY

miniaturization of capture size are still potential (Seo, 2011). 
Small yellow croaker has recently caught more than 80% of total 
catches on offshore stow net on anchor and offshore gillnet, and 
the amount of catch were largely caught by on large bottom pair 
trawl and large Danish seine in the past. However, small yellow 
croaker was usually caught less than 10% of total catch by major 
fisheries. 

When TACs are set on an individual species basis, 
catches of other species, and overall impact of fishing on other 
ecosystem components are not considered, generally. This 
difficultly in balancing quotas for multiple species with actual 
catches may then lead to increased discarding, TAC over-runs, 
effort restrictions or fishery closures when quota is constrained on 

some species (Branch et al., 2006; Sanchirico et al., 2006; Ackley 
and Heifetz, 2001, Reiss et al., 2010). And also, direct and indirect 
effects of fishing have resulted in overfishing of target fish stocks, 
increased mortality of non-target bycatch species, destruction of 
benthic habitat, and consequent changes in the structure and 
functioning of faunal communities (Jennings and Kaiser, 1998, 
Daan et al., 2005). The biomass projection results indicated that 
the TAC system had a positive effect on the biomass of common 
mackerel and small yellow croaker. In addition, it would also be 
more effective in resource management if prey-predator 
relationship, habitat recovery and socio-economic benefits are 
also considered. Therefore, fisheries management will be more 
effective if the TAC is a basic management tools and a holistic 
ecosystem approach considering various factors such as 
biodiversity, habitat quality, and socio-economic benefits is 
considered.
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