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Appendix

1. Supplementary material for Materials and Methods, “Data sources and case study site”
Study target: closed indoor culture system (IMT Engineering Inc., Tokyo, Japan). 
Target shrimp: Litopenaeus vannamei
Production system outline:
The study site had two production ponds (each of 600 tons water capacity) and a single nursery system. Postlarvae were purchased from traders and kept for 29 days until they were big enough to release into the production lanes. Approximately 400,000 juveniles were released into one production lane and then grown for about 140 days. Most of the culture time was occupied by the growing stage after release of the postlarvae from the nursery system. The mortality rate in the initial 2 weeks after release was 0.2%. The water qualities and the criteria used in the shrimp production at the study site are summarized in Table S1. Dry feed pellets were fed several times per day at 44 g/kg biomass. Remaining feed, excrement, and dead shrimp were cleaned out with a semi-automatic cleaning system as needed. When mortality rate increased, workers culled shrimp from the production lanes to decrease further mortalities. About 5,000 to 8,000 shrimps were harvested almost daily after their body weights reached 8 g, but to decrease the mortality rate harvest was also often performed before the shrimp reached this size and sold when the body size is more than 3 g. The mortality during a single run was 16.28 ± 11.04% (mean ± SD). The system was regularly operated by two workers, but an additional four workers were typically employed during harvesting. Harvested shrimp were classified by body size; the farm-gate price changed at a size of 11.5 g. Shrimp weighing less than 11.5 g were sold at 2500 yen/kg, and those weighing at least 11.5 g were sold for 1,000 yen/kg more than the smaller ones. The price was fixed in advance by long-term contracts with buyers and did not change with market supply and demand. 
Rearing data were taken at particular time points for each item. Water temperature, dissolved oxygen, and pH values were obtained daily, and alkalinity, NH4-N, and NO2-N were measured almost daily. Data on salinity, inorganic ions, NO3-N, and mean body weight of 50 individuals were obtained weekly, and the count of viable bacteria was obtained at intervals of about 2 weeks. The weekly data were linearly supplemented and transformed to daily data. Monthly data on costs of electricity and fuel, the unit price of products, and business income and expenditure for a year were also obtained.

2. Supplementary material for Materials and Methods, “Concept of analysis and model specification”
Productivity: defined as the reduction in biomass from mortality and the increase in biomass through growth. 
Path analysis: performed to predict the mechanisms controlling mortality and growth rate in the production lanes. Structural equation modeling (SEM) was performed with SPSS Amos 20.0 (International Business Machines Corporation, Armonk, NY, USA), and hypothetical models were examined statistically by using the function in the software. Findings obtained from SEM were utilized to construct bio-economic models of the production lanes (see below: 3-1. “Results of path analysis”).

3. Supplementary material for Materials and Methods relating to model specification
3-1. Concept of analysis and model specification: Population dynamics in the production lane
Results of path analysis: Productivity at the study site was influenced mainly by mortality. In our SEM model, mortality was controlled by latent variables related to rearing period and accumulated mortality in biomass. 
Bio-economic model of shrimp mortality: We treated rearing period and accumulated mortality as surrogate variables for the latent variables, using equation (1) below.


(1)

where mt is the percentage daily mortality in parts per million, t is the number of rearing days, dt–1 is the total mortality in biomass (accumulated up until the previous day), and u1t is error term. All variables were log-transformed for linearization, as per the study of Zar (1984). The parameters, α, β, and c were estimated by using the least squares method. Each parameter in the model was tested by t-test of the partial regression coefficients. Model fitness was assessed by the adjusted R2 value and the F-test in the multiple regression analysis. The daily mortality mt was reverse calculated by exponential transformation, removing the logarithm, by using the variables and the estimated parameters.

Total mortality dt-1: Sum of daily mortalities in biomass, and daily mortality can be described as the product of the percentage daily mortality, the number of individuals being reared, and the weight of those individuals. Accordingly, the total mortality dt–1 can be described by equation (2):


(2)

where n0 is the number of individuals released into the production lane, nt is the number of individuals in the production lane on the day, and wt is the body weight of each individual on the day. In this model, the first mortality in biomass to be calculated must be provided as m1n0w1, because the daily mortality mt is influenced by the dynamics of the mortality up until the previous day, and the first mortality in biomass cannot be calculated similarly to the later mortalities.

Number of individuals on day nt: the number of individuals on day nt in equation (2) is the number obtained by subtracting the number of deaths and the number harvested from the number of individuals in the production lane the previous day. The number of individuals on day nt is therefore expressed by equation (3):


(3)

where ht–1 is the number of individuals harvested.

Body weight wt in Von-Bertalanffy model: We estimated the parameters and AICs of a linear model and representative growth models, namely the logistic, Von-Bertalanffy, and Gompertz models, by using the least squares method. According to the AIC values, the following Von-Bertalanffy model was selected to express the body weight wt as a function of rearing period t (equation (4) below):


(4)

where w∞ is the limiting body size, K is the growth coefficient, t0 is the day on which wt reaches zero, and u2t is an error term.

Daily mortality: According to equations (1), (2), (3), and (4), daily mortality mt can be calculated from the rearing days t by providing the initial mortality m1, the number of individuals released into the production lane n0, and the daily numbers of individuals harvested ht. Total mortality during one batch of production, mtotal, can accordingly be estimated by using the following model (equation (5)):


(5)

where ttotal is total number of rearing days.

3-2. Concept of analysis and model specification: Harvest and economic profits
Prices of products: Prices differed by individual body size, with individuals smaller than 11.5 g selling for \2,500/kg and those weighing 11.5 g or more selling for \1,000/kg higher. We therefore considered harvest to be performed under three types of management incentive: to lower economic losses through death; to make a profit at a reduced price but with a shorter rearing period; and to earn higher prices in exchange for the increased cost of rearing for a longer period. Accordingly, the number of individuals harvested each day was expressed by the following model (equation (6)):


(6)

where Dt is the biomass mortality on the day, Bt is the biomass of shrimp in the production lane, St is the proportion of individuals that have reached saleable body size, and Rt is the proportion of individuals in the production lane that can be sold for the higher price. The parameters α, β, γ and c2 always have positive values, because they indicate positive harvesting promotion in relation to respective variables. Equation (6) is applicable when the body size of the shrimp is more than the saleable size, or when the workers intend to decrease the mortality rate by culling. Otherwise, the value of ht is zero. Once harvesting begins, the single rearing run ends when all the shrimps are harvested or the value of ht becomes zero.

Other equations and subsequent modeling: In preparation for estimating St and Rt we modelized the variation in body size. Growth rates in most aquatic animals differ among individuals, and differences in body size in animals of the same age become larger as mean body size becomes larger. The percentages of shrimp big enough for sale, St, and of those belonging to the higher price class, Rt, in the total population vary on each day t, depending on the average, and the variance changes with the body size. When the variance of the body size correlates with the mean body size, it is considered that the changes of the variance can be modelized with the mean body size and some parameters for its calculation. Accordingly, we made models to estimate the changes in standard deviation each rearing day using equations (7)-(14):


(7)


(8)

where σt is the standard deviation of body weight, μt is the mean body weight on a particular day, and c3 is the coefficient used to transform σt, which becomes larger as linear growth changes. The basic structure of the model for the transformed standard deviation σ’t is the standard deviation per body size unit, but it can be changed by using parameter c3 to suit the latter processes. R2 is the coefficient of determination between the number of rearing days t and the transformed standard deviation σ’t. By optimizing c3 to minimize R2, the correlation between the mean body size μt and the transformed standard deviation σ’t is erased. The standard deviation of body size with growth can be expressed by:


(9)

where σ’ is the average of σ’t and u3t is the error term. We estimated the standard deviation σt from weekly growth data. The parameter c3 transforming the variance to a correlation absent with the mean body size was estimated by using the least squares method. Homogeneity of variance in the transformed variance σ’t was tested by using the White test.
Variation in body size on a particular rearing day was considered to follow a Gaussian distribution. St and Rt (i.e. the frequency of individuals on a particular day t that reached saleable body size and the frequency that sold for a higher price) was therefore estimated by a cumulative distribution function, substituting mean body size μt estimated from growth model (4) and standard deviation σt calculated from equation (9) as follow in equations (10)-(11):


(10)


(11)

where wsale is the body weight of saleable shrimp and wrise is that of shrimp sold for a higher price. Accordingly, the total quantity harvested Q was estimated by using t equation (12):


(12)

The total profit of shrimp farming at the site was therefore estimated by equations (13)-(14):


(13)

(14)

where pbasic was the basic price of the shrimp unit for sale, pincrease was the price increase when the shrimp reached a larger size class for sale, Pbatch was the total profit for a single batch, Pyear was that earned for the year, and Ctotal was the sum of daily costs (see Table S2). The parameters pbasic and pincrease were set to 2500 and 1000, respectively, when there was no specific description in the explanations of the simulations. All variables used in this study are summarized in Table S3 on the Appendix.

4. Supplementary material for Results
[bookmark: _Hlk497818777]4-1. Population dynamics in response to changes in culture conditions
Prediction of possible risks: The effects of culture conditions on population dynamics were examined by various simulations. Initial values were set in accordance with the actual situation at the study site; the number of juveniles released, n0, was 400,000, and the initial mortality rate, m1, was 0.2%. We first calculated the daily harvest quantity for the following simulation. This value was calculated by using the Excel Solver algorithm (Microsoft Excel 2016; Microsoft Corporation, Redmond, WA, USA), maximizing the total harvested biomass after the point at which the mean body weight of the animals in the production pool reached 8 g, the ideal body size limit for sale, and assuming that harvest occurred daily and that its quantity was constant, without using equation (6). The saleable size limit in the equation (10) was set at 3 g, in accordance with the fact that even animals that weighed 3 g that were culled to decrease mortality could be sold, although the target sale size was 8 g. Thereafter, changes in population dynamics were simulated by changing the parameter values so as to predict possible risks and suggest potential improvements. 
Derived models: Chain-reaction-like mortality was induced by the accumulation of dead biomass. A 1% increase in mortality was added at an interval of 10 days after the juveniles had been released into the production lane, and changes in daily mortality were simulated. According to the hypothesis that the dynamics of the biomass in the production lane consisted of a balance between increase through individual growth and loss based on individual shrimp mortality, we simulated the effects of growth rate changes on shrimp production to anticipate the potential effects of technological advances in rearing methods or accidental decreases in growth rate. The growth coefficient K of Von-Bertalanffy’s growth model (4) was changed to –30%, –20%, –10%, 0%, +10%, +20%, and +30%, and total production and total mortality were calculated from the simulation. To evaluate the potential effects of artificial population decrease, the number of individual shrimps was decreased on one particular day, and the change in total mortality was calculated in the simulation. The number of shrimp was decreased by 10,000, 20,000, 30,000, 40,000 and 50,000. The effects on total mortality were examined at intervals of 10 days, and the changes in total mortality were simulated from Day 30 (when postlarvae were released into the production lane) to Day 110 (when harvesting was almost completed). All simulations were performed by using the Microsoft Excel 2016 (Microsoft Corporation). 

4-2. Harvesting schedule and estimation of profit improvements
Maximization of harvest conditions: This was simulated based on equations (1)–(6) and (10)–(14). To improve profits there are two possible plans: 1) improve harvesting plans on the production side, or 2) change shrimp prices and costs on the economic management side. We first simulated harvesting plans under the current scenario, without price and cost changes. In this simulation, daily harvesting quantity was hypothesized to be changeable by using equation (6). To predict the preferred harvesting plans, parameters α, β, γ, and c2 in equation (6), maximizing the profit per batch or the annual profit, were estimated by using the Solver algorithm. Both the mean body weight limits for harvest and the saleable size limit were set at 3 g. Considering the cost change of heating between summer and winter, simulations estimating the conditions maximizing profit were performed by using data on the running costs in the farming system in summer and winter, and the annual average as spring and autumn. All monetary quantities are given in Japanese yen. The exchange rate of the Japanese yen varied within the range of 76.65 -90.15 yen/USD during the data collection period.
Cost-reduction effects: Effects on harvesting schedules were examined by decreasing the running cost by 0%, 10%, 20%, 30%, 40% and 50%. Two types of price setting were examined because there were two types of price, namely the basic price and the higher price when the shrimp weighed at least 11.5 g. The effects of price increase at a large body size were examined by changing the price increase pincrease to 0 (no price increase) to +8000 yen/kg at 50-yen/kg interval. The effects of basic price changes were determined by changing the price pbasic to 500 to 8000 yen/kg at 50-yen/kg interval. The prices at which there were drastic changes in the harvesting schedules were determined by gradually changing the basic price at 1-yen/kg intervals. All simulations were performed with the Solver algorithm of Microsoft Excel 2016 (Microsoft Corporation). 
Estimated parameters and statistical evaluation of model speciation: The parameters estimated in equation (1) are shown in Table S4A. The model showed a high degree of fit to the actual data (n = 387; adjusted R2 = 0.833; F-test in the multiple regression analysis; P < 0.01). All parameters were significant (t-test of the partial regression coefficients, P < 0.01). This was consistent with the results of our SEM model. Table S4B and C summarizes the growth model selection. Von-Bertalanffy’s model was selected as the best (Fig. 2C; n = 387; adjusted R2 = 0.948; AIC = 552.5). The correlation between rearing days t and the value for the variance transformation σ’t was 0.740 for the R2 value before the transformation (c3 = 0; n = 101; White test; P < 0.05). Transformation of the variance was statistically successful (c3 = 0.696; R2 = 0; White test; P > 0.05). The estimated parameters for simulating body size variation are shown in Table S4D.





5. Supplementary tables

Table S1. Environmental conditions of the super-intensive closed-culture system for shrimp. The value for “Vibrio spp.” is the total bacterial count on a TCBS plate. “Target range” indicates the range defined in the manual used at the study site. 
	
	Mean ± SD
	Range
	Target range

	Water temperature (°C)
	28.6 ± 0.9
	25.4–30.9
	28.0

	Dissolved oxygen (mg/L)
	7.29 ± 1.39
	3.48–11.57
	5.00–8.00

	Salinity (ppt)
	6.91 ± 1.05
	5.0–9.0
	5.00

	K+ (mg/L)
	123.8 ± 13.9
	88–153
	100

	Ca2+ (mg/L)
	134.5 ± 20.7
	92–200
	100

	Mg2+ (mg/L)
	321.3 ± 38.4
	212–430
	300

	Cl- (mg/L)
	3149.7 ± 559.5
	1920–4460
	2750

	pH
	6.89 ± 0.23
	5.37–7.82
	6.8

	Alkalinity (mg/L)
	122.4 ± 22.5
	70–225
	>100

	NH4-N (mg/L)
	0.43 ± 0.16
	0.09–1.48
	<1.0

	NO2-N (mg/L)
	0.33 ± 0.26
	0.02–1.96
	<0.5

	NO3-N (mg/L)
	130.4 ± 65.2
	8.3–339.6
	<250

	Viable bacteria count (105/mL)
	28.6 ± 10.8
	0.1–222.0
	NA

	Vibrio spp. (105/mL)
	0.0062 ± 0.0070
	0.0001–0.0384
	NA





Table S2. Costs incurred during production, and description of each item.
	Type of cost
	Description

	Electricity, fuel and water service
	Calculated from annual mean costs or seasonal cost of electricity, fuel and water service. Three months from June to August, and December to February were defined as summer and winter seasons, respectively

	Seawater
	Cost incurred on the first day of the rearing period.

	Maintenance of hardness
	Daily cost during the rearing period.

	Bacteria used for biofiltration
	Cost incurred on the first day of the rearing period.

	Shrimp seed
	Cost incurred on the first day of the rearing period.

	Feed
	Constant quantity per biomass in pools is provided; constitutes daily feeding costs. 

	Regularly-employed labor
	Calculated as daily costs based on annual incomes of workers.

	Atypically-employed labor
	Calculated as daily costs based on payments made on an hourly basis if harvesting was required.







Table S3. Variables used in this study and related descriptions.
	Variable
	Variable description

	t
	Number of days after purchasing shrimps, and releasing them to the nursery system

	mt
	Daily mortality t days after the beginning of maintaining post-larvae (ppm/day)

	dt-1
	Total biomass of dead shrimp accumulated from the beginning to the day t-1 (g)

	c1
	Constant in the equation (1)

	m1
	Initial mortality when shrimp were released into the production pool (ppm/day)

	n0
	Individual number of shrimp released into the production pool

	w1
	Initial mean body weight when shrimp were released into the production pool (g)

	nt
	Individual number of the shrimp t days after releasing into the production pool

	wt
	Mean body weight of the shrimp t days after releasing into the production pool (g)

	ht
	Individual number of the harvested shrimp t days after releasing into the production pool

	w∞
	Limit body weight estimated by Von-Bertalanffy's growth model (g)

	K
	Growth coefficient in Von-Bertalanffy's growth model

	t0
	Number of days when the body size become zero as estimated by Von-Bertalanffy's growth model

	mtotal
	Total mortality until individual numbers in the production pool becomes zero (ppm)

	ttotal
	Total number of days from the beginning of maintaining shrimp in the nursery system to the end of rearing shrimp in the production pool

	Dt
	Total biomass of dead shrimp accumulated from releasing shrimp into the production pool to day t (g)

	St
	Ratio of shrimp that reached marketable size

	Rt
	Ratio of shrimp that reached higher-valued size

	c2
	Constant in the equation (6)

	Bt
	Biomass of living shrimp in the production pool on day t (g)

	σt
	Standard deviation of the body weight of shrimp in the production pool on day t

	σ't
	Standard deviation of body weight on day t transformed by equations (7) and (8)

	σ'
	Parameter for calculating the standard deviationσt.from μt and c3 according to equation (9)

	μt
	Mean body weight of shrimp in the production pool on day t

	c3
	Coefficient for transforming σt constant, to estimate standard deviation of body weight on a certain day according to equation (9)

	Q
	Total biomass harvested during a single culture period in the production pool (t)

	pbasic
	Basic shrimp price (yen/kg)

	pincrease
	Price increase after reaching the larger-sized class for sale (yen/kg)

	Pbatch
	Total economic profit in the production pool (yen/pond)

	Pyear
	Total annual economic profit (yen/year)

	u1t
	Term of error in equation (1)

	u2t
	Term of error in equation (4)

	u3t
	Term of error in equation (9)





Table S4. Estimated parameters for the models developed in this study. (a) Parameters estimated in equation (1). (b) Adjusted R2 and AIC of each growth model. (c) Estimated parameter values of Von-Bertalanffy’s growth model. (d) Estimated parameters of equation (9).

(a)
	Parameter
	Value

	α
	0.896 

	β
	0.697 

	c1
	–3.89 



(b)
	Model
	Adjusted R2
	AIC

	Linear
	0.936 
	584.9 

	Logistic
	0.945 
	563.1 

	Von-Bertalanffy
	0.948 
	552.5 

	Gompertz
	0.947 
	554.7 



(c)
	Parameter
	Value

	W∞
	14.68 

	K
	0.0257 

	t0
	12.64 



(d)
	Parameters
	Values

	σ'
	0.496

	c3
	0.696
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