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Review of the maturity criterion using gonad index in Pacific stock chub mackerel
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Summary
Japan have been using gonad index (KG) based maturity criterion for female chub mackerel of the Pacific stock with KG=3 as a sign of maturity. The present paper aimed to review the maturity criterion by estimating maturity probability curves based on KG and GSI using chub mackerel collected in 2013-2023, determining the maturity probability at KG=3, and comparing the annual changes in the threshold values for maturity based on KG and GSI. The review has found that KG=3 is a good indicator to extract only matured fish, however, its strict criterion labeled many individuals in early stages of yolk accumulation as immature. The 50% maturity KG showed a lower trend during 2019-2022 than during 2014-2018, whereas the 50% maturity GSI exhibited a relatively stable trend, hence GSI is considered a more appropriate maturity criterion. The 50% maturity GSI ranged from 1.6-1.8 in 2014-2023 and was 1.6 in the 2013-2023 integrated. This paper suggests that, in order to improve maturity-at-age (MAA) data for future stock assessment, it is more appropriate to use 50% maturity, notably GSI of 1.6 as the maturity criterion for stock assessment purpose, while noting KG=3 accurately designates maturation.

Introduction
In Japan, we examine the maturity status of female chub mackerel of the Pacific stock by histological observation of gonads and the gonad index KG. Histological observation provides precise information on maturity stages, but the sample size is limited due to very time- and cost- consuming. In contrast, the gonad index method is convenient, as it can be calculated from precise biological measurements and allows to collect the maturity status data from many samples. But we cannot distinguish mature fish in regressing or regenerating phase that generally appears in the late spawning season from immature fish by gonad index method.
Based on Watanabe and Yatsu (2006), we have used KG-based maturity criterion as a KG of 3. In this paper, chub mackerel samples were collected in the waters around Izu Islands, the main spawning ground from January to June and maturity criterion was calculated as follows. (1) Maturity stage of each sample was determined by histological observation, and KG was calculated. (2) From histological observation, the yolk accumulation stage fish (primary yolk stage, secondary yolk stage, tertiary yolk stage and later) were assumed as mature and unyoked stage fish were assumed as immature. (3) Proportion of mature and immature fish in each KG class (one unit) was determined for each year. (4) Almost all females were in the yolk accumulation stages in KG class 3 and above in all years, and therefore a KG of 3 was defined as the criterion for maturity. However, the maturity probability of KG=3 was unknown because it was calculated based on analysis of KG classes.
The GSI is also used as a gonad index in many cases and is more common than the KG. The denominator in both indices is a measure of body size, which is volume-based fork length cubed for KG and weight-based body weight for GSI. Therefore, the distribution of KG and GSI may show different annual changes during the years when body condition declines. 
A density-dependent decline in growth and body condition was observed in this stock after the occurrence of the strong year class in 2013 (Kamimura et al. 2021). These changes in biological characteristics may have accompanied changes in gonadal development, necessitating a review of the maturity criterion. In reviewing the maturity criterion, we considered that it would be better to compare the annual changes of KG and GSI and adopt a more stable index.
The purpose of this paper is to review the maturity criterion by estimating maturity probability curves for KG and GSI using chub mackerels collected between 2013-2023, determining the maturity probability at KG=3, and comparing the annual changes in the threshold values for maturity based on KG and GSI.

Materials and methods
Chub mackerel samples were collected in the waters around the Izu Islands (Fig. 1) in January to June from 2013 to 2023 by commercial fishing vessels and research vessels with hook and line, dip net, and stick-held dip net fishing. Since the waters around the Izu Islands is considered as a major spawning ground and January to June as the spawning season, it is considered that samples represent the spawning stock. Fork length (FL) was measured to the nearest 0.1 cm and total body weight (BW) and gonad weight (GW) were measured to the nearest 0.1 g. Sex was determined by visual observation of the gonads.
For histological observation, 1661 females were used (Table 1). The ovaries were removed and fixed in 10% formalin. Sections (5-6㎛) were stained with PAS. Maturity stages were defined according to the most advanced type of oocyte, amount and type of oocytes undergoing atresia, more space between oocytes, interstitial tissue and muscle bundles present in ovary with reference to Takashima and Hanyu (1989) and Brown-Peterson et al. (2011). We classified individuals with few or no oocyte undergoing atresia into “perinucleolus”, “yolk vesicle”, “partially yolked” (i.e. primary yolk), “full yolked” (including secondary and tertiary yolk), “migratory nucleus” (MN) and “hydrated oocyte” (HO) according to the most advanced type of oocyte present. Individuals with some atretic vitellogenic oocytes were classified into two stages: “<50% yolked oocytes regressing” and “>=50% yolked oocytes regressing”. Individuals with some yolk vesicle oocytes undergoing atresia, individuals with some beta/gamma/delta atresia, and individuals with regressing features such as more space between oocytes, interstitial tissue and muscle bundles present were classified as “spent with unyolked oocytes”. 
KG and GSI were calculated by using the following equations.
KG = (GW (g) / FL3 (cm)) × 10000
GSI = (GW (g) / (BW(g) - GW (g))) × 100
The maturity probability curves for KG and GSI were calculated as follows. It was assumed that individuals which started to accumulate yolk in oocytes would spawn during the spawning season of the year. Individuals which were in “perinucleolus” or “yolk vesicle” stages were assumed as ‘immature’, while individuals were in “partially yolked”, “full yolked”, “MN”, and “HO” stages were assumed as ‘mature‘. Maturity probability curves for each year and 2013-2023 data integrated version were estimated using a logistic regression model with GLMs with binomial distribution, where maturity status (i.e.’ immature’ or ‘mature’) were the response variables and KG or GSI were the explanatory variables. The estimated maturity probability curves were used to examine maturity probability at KG = 3 and the annual change in 50% maturity KG and GSI.
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Fig. 1 Map of the main spawning ground for chub mackerel.

Table 1. Number of female chub mackerels by maturity stages based on histological observation from 2013 to 2023.


Results
Annual changes in KG and GSI distributions by maturity stages
The sample from 2013-2023 covered 72-205 individuals per year and covered throughout nearly all maturity stages (Table 1). The distributions of KG and GSI exhibited similar annual trends across all maturity stages (Fig. 2). The interannual distributions of KG and GSI were almost unchanged before the onset of yolk accumulation (“perinucleolus”, “yolke vesicle”) and the stages of yolk accumulation (“partially yolked”, “full yolked”), but a lower trend was observed in immediately prior to laying (“MN”, “HO”) since around 2019 for both KG and GSI. Median KG and GSI varied more in advanced maturity stages. Median KG ranged from 0.5-0.9 for “perinucleolus”, 1.4-1.9 for “yolk vesicle”, 2.2-2.8 for “partially yolked”, 4.1-6.5 for “full yolked”, 3.6-6.9 for “MN”, 6.4-12.7 for “HO”, 1.0-2.4 for “<50% yolked oocytes regressing”, 1.0-2.2 for “>=50 yolked oocytes regressing”, 0.9-1.5 for “spent with unyolked oocytes”. Median GSI ranged from 0.4-0.9 for “perinucleolus”, 1.2-1.6 for “yolk vesicle”, 1.7-2.6 for “partially yolked”, 3.6-5.6 for “full yolked”, 3.4-6.1 for “MN”, 6.0-12.1 for “HO”, 0.9-2.3 for “<50% yolked oocytes regressing”, 0.9-2.0 for “>=50% yolked oocytes regressing”, 0.9-1.5 for “spent with unyolked oocytes”.

Maturity probability at KG=3
The maturity probability at KG = 3 was 94% in 2014, 100% in 2015, 2016, 2018-2021 and 2023, 98% in 2017 and 2022, and 99% in the 2013-2023 data integrated version (Fig. 3). KG maturity probability curve for 2013 did not converge (Fig. 3).

50% maturity KG and GSI 
The 50% maturity KG varied between 1.7 and 2.1 in 2014-2023 and showed a lower trend during 2019-2022 than during 2014-2018 (Figs 3, 5). It was 1.9 in the 2013-2023 integrated version.
The 50% maturity GSI varied between 1.6 and 1.8 in 2014-2023 and was 1.6 in the 2013-2023 integrated version (Figs. 4, 5). GSI maturity probability curves for 2013 and 2023 did not converge (Fig. 4).
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Fig.2　Box plots of KG and GSI by maturity stages from 2013 to 2023.
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Fig.3 KG maturity probability curves for each year 2013~2023 and for the integrated version. The vertical dashed line at KG=3 is the maturity criterion estimated in Watanabe and Yatsu (2006).
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Fig.4 GSI maturity probability curves for each year 2013~2023 and for the integrated version.
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Fig.5 Annual change in 50% maturity KG and GSI from 2013-2023. 

Discussion
Annual changes in KG and GSI distributions by maturity stages
The distribution of KG and GSI was almost unchanged before the onset of yolk accumulation and in the stages of yolk accumulation, but a lower trend was observed in immediately prior to laying since around 2019 (Fig. 2). Based on these annual changes in KG and GSI, the maturity criterion was reviewed as follows.

Maturity probability at KG=3
As the maturity probability was 94-100% for KG=3 in 2013-2023 (Fig. 3), KG=3 was a good indicator to extract only matured fish. However, as the median KG for early stages of yolk accumulation (“partially yolked”) ranged from 2.2 to 2.8 (Fig. 2), KG 3 is considered as a strict maturity criterion and would misidentify matured fish categorized in “partially yolked” stage. Therefore, it was considered more appropriate to use the 50% maturity criterion, where the probability of being a mature fish is equal to the probability of being an immature fish.

50% maturity KG and GSI  
The 50% maturity KG showed a lower trend during 2019-2022 than during 2014-2018, whereas the 50% maturity GSI exhibited a relatively stable trend (Fig. 5). Isu et al. (in submission) describe a declining trend in body condition (Condition Factor =BW/FL3) in spawners around the waters the Izu Islands since around 2016. A decrease in body condition reflects a reduction in BW relative to FL3. Therefore, KG, whose denominator (i.e. FL3) depends solely on FL, tended to decrease with decreasing CF, while GSI, whose denominator (i.e. BW-GW) which is influenced by both FL and body condition, tended to be stable.
 Since the 50% maturity GSI exhibits smaller annual variation than the 50% maturity KG (Fig. 5), it is considered that GSI is more appropriate maturity criterion to use across years with differing growth and body condition. The 50% maturity GSI ranged from 1.6-1.8 in 2014-2023 and was 1.6 in the 2013-2023 integrated version (Fig. 5). Therefore, it is considered appropriate to use a GSI of 1.6 as the maturity criterion, classifying individuals with GSI ≥ 1.6 as mature and those with GSI < 1.6 as immature.

Limits of the 50% maturation criterion
Individuals with GSI values below 1.6 were also observed in regressing and resting stages (“<50% yolked oocytes regressing”, “>=50% yolked oocytes regressing”, “spent with unyolked oocytes”) (Fig. 2). Therefore, even using the maturity criterion of a GSI of 1.6, it is impossible to correctly identify individuals after spawning with a GSI lower than 1.6 as mature. However, in estimating MAA, it is desirable to use samples from the peak of the spawning season (such as the peak period of the monthly proportion of mature individuals), before the emergence of post-spawning individuals, to avoid underestimating MAA, so the impact of the aforementioned problem can be evaded.

Conclusion
Maturity criterion is a fundamental component to calculate MAA. Considering the present dynamics of MAA of chub mackerel, it is important to review the criteria which were developed decades ago. The present study had reconfirmed that KG=3 is a good indicator to extract only matured fish and found to be strict but robust criterion. Considering the necessity to include ongoing matured fish at the time of sampling, more lenient maturity criterion may be useful to capture the dynamics of maturity at age and spawning dynamics. This paper suggests that, in order to improve MAA data for future stock assessment, it is more appropriate to use 50% maturity, notably GSI of 1.6 as the maturity criterion for stock assessment purpose, while noting KG=3 accurately designates maturation.
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Microsoft_Excel_Worksheet.xlsx
50%成熟KGとGSI

		成熟基準KGとGSIの年変化セイジュクキジュンネンヘンカ		GSI=GW/(BW-GW),KG=GW/FL^3												成熟確率（成熟曲線より）

		50%成熟基準セイジュクキジュン		GSI		KG				GSI_lmm		GSI胃内容物除去版イナイヨウブツジョキョバン						KG３.0				50%成熟基準セイジュクキジュン		GSI		KG				GSI胃内容物除去版イナイヨウブツジョキョバン

		1997		1.70		2.20										1997						1997		1.7		2.2

		1998		1.60		2.10										1998						1998		1.6		2.1



		2013						KG・GSI収束せずシュウソク								2013						2013						KG・GSI収束せずシュウソク

		2014		1.63		2.04						1.65				2014		0.94				2014		1.6		2.0				1.7

		2015		1.69		2.14				1.68		1.71				2015		1				2015		1.7		2.1				1.7

		2016		1.70		1.95						1.72				2016		1				2016		1.7		2.0				1.7

		2017		1.62		1.87				1.58		1.66				2017		0.98				2017		1.6		1.9				1.7

		2018		1.77		2.06				1.78		1.81				2018		1				2018		1.8		2.1				1.8

		2019		1.55		1.68				1.4		1.56				2019		1				2019		1.6		1.7				1.6

		2020		1.62		1.91				1.56		1.65				2020		1				2020		1.6		1.9				1.7

		2021		1.60		1.76				1.43		1.66				2021		1				2021		1.6		1.8				1.7

		2022		1.57		1.76				1.27		1.62				2022		0.98				2022		1.6		1.8				1.6

		2023				1.90		GSI収束せずシュウソク								2023		1				2023				1.9		GSI収束せずシュウソク



		2013-2014統合トウゴウ		1.65		2.12						1.66										2013-2014統合トウゴウ		1.7		2.1				1.7

		2013-2023統合トウゴウ		1.64		1.91						1.67				2013-2023統合トウゴウ		0.99				2013-2023統合トウゴウ		1.6		1.9				1.7









Annual Variation of GSI and KG at 

50% Maturity



KG	1997	1998	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2.2000000000000002	2.1	2.04	2.14	1.95	1.87	2.06	1.68	1.91	1.76	1.76	1.9	GSI	1997	1998	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	1.7	1.6	1.63	1.69	1.7	1.62	1.77	1.55	1.62	1.6	1.57	GSI_lmm	1.68	1.58	1.78	1.4	1.56	1.43	1.27	







KG3.0の成熟確率の年変化



KG３.0	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	0.94	1	1	0.98	1	1	1	1	0.98	1	





Annual Variation of KG and GSI at

50% Maturity



KG	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	2	2.1	2	1.9	2.1	1.7	1.9	1.8	1.8	1.9	GSI	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	1.6	1.7	1.7	1.6	1.8	1.6	1.6	1.6	1.6	GSI胃内容物除去版	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	1.7	1.7	1.7	1.7	1.8	1.6	1.7	1.7	1.6	Year





KG and GSI











成熟度別サンプル数

		Table 1. Number of female chub mackerels used for determining the ovarian maturity stag from 2013 to 2023.

		Year		Maturity stage

				peri-nucleolus		yolk vesicle		partially yolked		full yolked		MN		HO		<50% yolked oocytes regressing		>=50% yolked oocytes regressing		spent with unyolked oocytes		SUM

		2013		0		6		7		77		16		7		0		0		0		113

		2014		0		7		4		103		13		6		1		0		0		134

		2015		0		22		5		70		15		9		0		8		10		139

		2016		0		13		3		106		26		7		0		0		0		155

		2017		0		23		14		120		16		4		3		6		6		192

		2018		7		25		4		112		14		11		0		3		0		176

		2019		0		10		23		107		13		10		4		8		1		176

		2020		4		15		20		91		22		4		2		14		12		184

		2021		0		11		9		125		13		5		1		19		22		205

		2022		1		11		11		71		10		5		3		2		1		115

		2023		0		2		2		54		12		2		0		0		0		72
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