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Abstract: Taiwan has cultured milkfish for longer than hundreds of years. Given its long and narrow 
terrain surrounded by sea and location in a subtropical monsoon area, it has developed a unique 
culture bounded by the Erren River in the south. The Yunjianan area in the north is cold in winter 
and thus follows the “current year harvest” culturing model. In contrast, the Gaoping area in the 
south is warmer in winter and follows the “overwinter harvest” culturing model. This paper 
evaluated the production efficiency by using the stochastic metafrontier production model and the 
multi-input-multi-output distance function using input from in-person interviews with 100 current 
year harvest farmers and 70 overwinter harvest farmers from 2017 to 2019. In the first stage, the 
environmental variables of various regions were internalized into the model to obtain the group 
technical efficiency (GTE) of different farming models. In the second stage, the common 
environmental variables were re-internalized to evaluate the metafrontier technical efficiency 
(MTE) of both culturing modes. In this way, the technical efficiency and production technology of 
the two different culturing model are reasonably evaluated by taking into account not only the 
difference between their input and output, but also their environmental difference during their 
farming periods. The results show that in spite of the environmental difference between th two 
culturing models, shallower pond, smaller size of fish fry and lower shrimp density should make 
culturing more technically efficient. When cultured in a common environment, the lower the 
temperature, the worse the culture efficiency is. It indicated that milkfish are highly sensitive to low 
temperature. Therefore, the MTE and technical gap rate (TGR) of current year harvest farming are 
significantly higher than those of overwinter harvest farming. Finally, the regression analysis 
showed that the younger the farmers were, the lower the average pond age was, the larger the 
freshwater culture area was, and the greater the experience in fish farming was. Thus, the relatively 
better the MTE is; the younger the farmers, the higher the education level is and the more years of 
experience in fish farming they have, thus the relatively better the production technology level is. 

Keywords: technical efficiency; metafrontier; different farming model; environmental variables; 
technical gap rate 
 

1. Introduction 
As early as approximately 1600 A.D., there was milkfish (Chanos chanos) (Figure 1) 

farming in Taiwan. Till now, milkfish is still a traditional food for Taiwanese. It is cheap 
and nutritious. In the early stage, Taiwan’s milkfish farming mainly adopted the 
monoculture method. Later, it was found that a mixed culture with white shrimp (Penaeus 
indicus) (Figure 2) could not only increase owner’s income [1–4], but also keep fish ponds 
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clean [4–6]. However, the cultivation of white shrimp comes with many advantages, such 
as removing the need for extra feed and cleaning feed residues and fish waste without 
affecting the growth space needed for milkfish. Furthermore, in cases in which the 
milkfish population perishes, farmers still get income from the white shrimp due to their 
relatively high price and the potential loss and dispersing business risk can be minimized. 

 
Figure 1. The Milkfish (Chanos chanos) is 5 months, old; one tail is around 1.3 or 1.4 catty. Generally, 
Milkfish fry stocks at the size of 6 inches in February and March. 

 
Figure 2. From left to right, the weight of one white shrimp (Penaeus indicus) is 35, 43, and 55 per 
catty, respectively. The white shrimp are harvested at 156, 120, 105 days after stocking, respectively. 

To date, Taiwan’s milkfish farming has been dominated by the inland farming style. 
From 2009 to 2018, the average inland farming area of milkfish was approximately 10,000 
hectares per year, 28% of them was the inland farming system [7]. The average annual 
output was 55,000 metric tons, accounting for around 20%, the average annual output 
value was about NT$4 billion (US$134 million), accounting for about 12% [7]. We can say 
that milkfish is one of the most stable inland-cultured fish species in Taiwan. In terms of 
imports and export of milkfish from 2009 to 2018, most milkfish fry was imported from 
Indonesia, with an average annual import volume of 140 metric tons [7]. In contrast, the 
importing countries were Saudi Arabia, the United States, Canada, China, and Australia, 
with an average annual export volume of 9300 metric tons, accounting for about 17% of 
total production [7]. 

As milkfish is a tropical species, they are not resistant to low temperatures and reared 
at 28 °C. They will freeze to death in the low temperature in winter, such as cold snaps 
[8]. Taiwan often has cold snaps in winter, which is a major threat to its aquaculture and 
fisheries. In addition, given Taiwan’s long and narrow topography with a marine island-
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type climate, it has developed a boundary line along the Erren River in the south. 
Consequently, Taiwan has two different types of milkfish farming systems develops 
according to the characteristics of each geographical region (Figure 3). Above the line, 
most of the milkfish farming does not overwinter but under the line, most milkfish 
farming does. Hence, this paper aimed to distinguish between the two farming models: 
current year harvest and overwinter harvest. Both of them are cultivated alongside white 
shrimp to disperse risks and increase income. 

 
Figure 3. Geographical locations of the milk fish farms in current year harvest and overwinter 
harvest, Taiwan. 

Nowadays the harvest farming system, mainly located in the Yunlin, Chiayi and 
Tainan areas, is vulnerable to the northeast monsoon in winter and cold currents. Farmers 
must harvest before the temperature drops to avoid a population decline caused by low 
temperatures. Therefore, in the spring of each year, milkfish fry and white shrimp fry, at 
the minimum size of 2–8 inches, are gradually introduced into ponds. Milkfish in this 
current year system harvest are typically harvested from September to November before 
winter arrives. The harvest of white shrimp is usually started three months later after 
stocking; mainly from July to December. The harvest time for both is finished before the 
cold currents arrive. From 2009 to 2018, the average annual production of cultivated 
milkfish was about 36,000 metric tons, accounting for 66.5% of the total production [7]. 

Overwinter harvest farming is mainly distributed in the Kaohsiung and Pingtung 
areas, where the average temperature in winter is comparatively higher. Thus, the 
milkfish population is less likely declines due to low temperatures. In addition, due to its 
unique geographical characteristics, the lower quantity of overwintering milkfish yields 
results in higher market price. This system harvests intensively in autumn and winter, the 
average temperature is low, and the water quality is consistent. Then, the depth of the fish 
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pond can reach to 3~4 m, and 20,000 fish fry can be raised per hectare. Because the milkfish 
and shrimp fry are mainly stocking in June, the milkfish intensively harvests from 
December to February and the farmers harvest the white shrimp from September to 
February in the following year. From 2009 to 2018, the average annual production of 
milkfish cultivated using the overwinter harvest system was about 18,000 metric tons, 
accounting for 32.7% of the total production [7]. 

In Taiwan, due to its island-type climate, more area adopts the current year harvest 
system. The results in low prices caused by high production. The average harvest price 
from 2014 to 2018 was NT$43 (US$1.44) per Taiwan catty [9]. In contrast, because only 
limited area can operate the overwinter harvest system less annual quantity of Taiwan 
catty causes price. The average harvest price is NT$49 (US$1.64) per Taiwan catty [9]. 
Although the price of the overwintering harvest is higher, the takes more time to harvest 
and costs more. Therefore, determining whether the technical efficiency and technological 
level of overwintering harvest farming are higher than those of current year farming is 
the main goal of this paper. 

Some agricultural fishery literature has discussed its economic benefits [10–12], the 
efficiency of poly culturing Nile fish [13–15], shrimp [16,17], milkfish [3,18], perch, 
snapper [19] and clams [20], ways to evaluate the farming environment and farmers’ 
credit [21,22]. Ref. [18] used the traditional stochastic model to evaluate the production 
efficiency of milkfish. Without considering the differences between the farming 
environment and the production method, the results may be biased. Therefore, this paper 
divides production into the “current year harvest” and “overwinter harvest” models and 
applies the metafrontier production model proposed by [23]. This model modifies the lack 
of random error that [24,25] fail to take into account in the second stage of the metafrontier 
estimation model, which may lead to estimation error. 

2. Model Specification 
2.1. Theoretical Model 

Generally, the previous literature has used nonparametric data envelopment analysis 
(DEA) for efficiency evaluation and parametric stochastic frontier analysis (SFA) to 
analyze, where SFA is in the form of a function and regression between the input and 
output is computed by assuming the production frontier and adding the combination 
error. However, this method regards all types of measurement units as one group and 
does not consider the differences between groups. Not until [24] put forward the 
metafrontier model was the metafrontier concept combined with stochastic frontier 
analysis to explore the technical differences between decision-making units in different 
groups. Figure 4 [23] illustrates the metafrontier production model. However, refs. [24,25] 
did not consider the impact of random errors on the stochastic frontier in the second stage. 
Ref. [23] put forward the latest two-stage stochastic frontier model to estimate the specific 
frontier and metafrontier of different groups, and used the stochastic frontier model to 
estimate the metafrontier model to solve the problem of the second stage metafrontier 
estimation method failing to consider random errors, which results in bias in the 
estimation results. 
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Figure 4. Metafrontier production model by [23]. 

The section introduces the metafrontier and the distance functions, specification of 
the metafrontier framework for assessing efficiency. Our paper adopts the two-stage 
stochastic metafrontier method proposed by [23,26]. Recently, ref. [27] applied the same 
function to measure efficiency and productivity index of fossil fuel power plants in the 
U.S. We assume that there are k breeding area groups, the production technology level, 
Ttk is represented by the group k frontier, and the i-th breeding area input, xit, can produce 
the output, yit: 𝑇௧௞ = {(𝑥௜௧, 𝑦௜௧): 𝑥௜௧ 𝑐𝑎𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑦௜௧},   𝑘 = 1,2, … , 𝐽;   𝑖 = 1, 2, … , 𝑁௝;   𝑡 = 1,2 … , 𝑇 (1)

where xit and yit respectively denote the input and output vector of the ith firm in the kth 
group at the tth period. The setting can be extended to a metafrontier and can be written 
as: 𝑇௧௞ = {(𝑥௜௧, 𝑦௜௧): 𝑥௜௧ 𝑐𝑎𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 𝑦௜௧},   𝑘 = 1,2, … , 𝐽;   𝑖 = 1, 2, … , 𝑁௝;   𝑡 = 1,2 … , 𝑇 (2)

Based on the definition of technical efficiency and the concepts proposed by [28], the 
distance function of group k condition on maximizing the output and minimizing the 
input can be written as:  𝐷௜௧௞ (𝑥௜௧, 𝑦௜௧) = inf {1 > 𝜃 > 0: (𝑥௜௧, 𝑦௜௧/𝜃) ∈ 𝑃(𝑥௜௧)},   (3)

The group technical efficiency (GTE) is measured by the kth group frontier. Likewise, 
we can be extended the distance function of the metafrontier can be defined as: 𝐷௜௧ெ(𝑥௜௧, 𝑦௜௧) = inf {1 > 𝜃 > 0: (𝑥௜௧, 𝑦௜௧/𝜃) ∈ 𝑃(𝑥௜௧)}, (4)

The metafrontier technical efficiency (MTE) measured by the metafrontier. The 
metafrontier DitM by definition envelops all individual groups frontier Ditk. According to 
[23], the relationship between the group frontiers and metafrontier can be expressed as: 𝐷௜௧௞ (𝑥௜௧, 𝑦௜௧)/𝐷௜௧ெ(𝑥௜௧, 𝑦௜௧) = 𝑇𝐺𝑅௜௧௞ , (5)

Hence, DitM ≧ Ditk and the ratio of the kth group’s distance function to the metafrontier 
is defined as the technology gap ratio (TGR). According to the stochastic metafrontier 
model proposed by [23], in the first stage of estimating all individual groups frontier Ditk, 
environmental impact factors contributing to inefficiency are farmer managed related. In 
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the second stage of estimating the metafrontier DitM, the inefficiency factors are from the 
weather situation related. 

2.2. Data Sources and Variables Definitions 
In 2020, 170 farmers were interviewed in person by questionnaire to collect primary 

data on various items. 100 current year harvest farmers were sampled in the Yunlin, Jiayi 
and Tainan areas from 2018 to 2019 for the overwinter harvest system, 70 farmers in the 
Kaohsiung and Pingtung areas were sampled during the time from 2017 to 2018 and from 
2018 to 2019. In addition, in order to reasonably evaluate the two farming systems, the 
relevant data were divided according to hectares per month, and the data were deflated 
using the wholesale price index as the base period for consistent comparison to eliminate 
the influence of the price index on the preliminary data. 

According to the results of the Fishermen’s Economic Survey by the Taiwan Fisheries 
Agency, the highest cost associated with milkfish culturing is feed, which accounts for 
39.7% of the total cost, followed by labor costs (13.9%), fish fry costs (10.9%), water, 
electricity and fuel costs (7.5%) and pond servicing costs (2.9%). Referring to the variable 
settings in studies such as [3], this paper takes four input variables, namely, labor cost, fry 
cost, feed cost and water, electricity and miscellaneous cost, and two output variables, 
namely, milkfish production and white shrimp production. The input and output data are 
converted to the monthly, per-hectare average to be used as the evaluation benchmark. In 
terms of input variables, labor cost (x1) refers to the salary paid to self-employed workers 
and employees; fry cost (x2) refers to the cost of purchasing milkfish fry and shrimp fry of 
different sizes; feed cost (x3) refers to the cost of purchasing feed; water, electricity and 
miscellaneous cost (x4) refers to the total of water, electricity, land preparation, medicine, 
repair, network work and depreciation. The output variables are the output of milkfish 
(y1) and white shrimp yield (y2). Table 1 shows that the overwintering harvest model is 
statistically significantly higher than the current year harvest model in terms of labor cost, 
feed cost, and milkfish production due to its use of deep ponds and high-density stocking; 
the water, electricity, and miscellaneous cost of the current year harvest model is 
significantly higher than that of the overwinter harvest model due to the increased costs 
associated with the summer tariff policy; its white shrimp yield is also significantly higher 
than that of the overwinter harvest. In brief, the input and output of the two different 
culturing models may be either high or low, so it is difficult to directly see the advantages 
and disadvantages of the technical efficiency of each from the data alone. 

The milkfish farming is strongly influenced by the environment. Therefore, we 
follow [20] in setting the environmental variables. Based on the stochastic metafrontier 
model, environmental impact factors faced by each mode set for the first stage for the two 
different culturing models are the pond depth (z1), fish fry size (z2), milkfish density (z3) 
and white shrimp density (z4); for the second stage, the external environmental impact 
factors commonly faced by the two different models are the minimum temperature (z5) 
and average rainfall (z6), respectively. Table 1 shows that in the first stage, the 
overwintering harvest model is significantly higher than the current year harvest model 
in terms of pond depth and cultivation density because it requires a deep pond for smooth 
overwintering. However, because the current year harvest model must avoid overwinter, 
the size of fish fry is significantly larger than that in the overwintering harvest model. In 
the second stage, the lowest temperature of the current year harvest model without 
overwintering is significantly higher than that in the overwintering harvest model, but 
the average rainfall is the opposite. For the relationship between the above environmental 
variables and technical inefficiency, the expected minimum temperature (z5) is 
significantly negatively correlated with the inefficiency. The other five environmental 
variables are expected to be positively correlated with inefficiency. 
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Table 1. Descriptive statistics on inputs, outputs and environment variables and t test. on the 
difference between groups. 

Variables Unit Mean 
(N = 340) 

Group Means 
t Test 
p-Value 

Current Year 
Harvest 
(N = 200) 

Overwinter 
Harvest 
(N = 140) 

Inputs       
labor cost 𝑥ଵ NTD 14,045.29 13,016.56 15,514.90 0.04 ** 
fry cost 𝑥ଶ NTD 7094.16 7333.51 6752.2 0.31  

feed cost 𝑥ଷ NTD 28,185.66 20,960.70 38,507.03 <0.01 *** 
water, electricity and 
miscellaneous cost 𝑥ସ 

NTD 26,430.46 27,289.28 25,203.58 0.04 ** 

Outputs       
milkfish yield 𝑦ଵ kg 901.93 748.06 1121.75 <0.01 *** 

white shrimp yield 𝑦ଶ kg 129.94 173.96 67.06 <0.01 *** 
Group frontier environment variables 

pond depth 𝑧ଵ m 3.80 3.68 3.97 0.03 ** 
fish fry size 𝑧ଶ in/ha 3.53 3.81 3.12 <0.01 *** 

milkfish density 𝑧ଷ 1000/ha 13.12 8.05 20.36 <0.01 *** 
white shrimp density 𝑧ସ 1000/ha 589.08 474.77 752.38 <0.01 *** 

Metafrontier environment variables 
minimum temperature 𝑧ହ °C 13.01 15.13 9.99 <0.01 *** 

average rainfall 𝑧଺ mm 238.18 208.11 281.15 <0.01 *** 
Note: 1 USD ≒ 30 NTD. Abbreviation: m, meter; in, inch; ha, hectare; °C, degrees Celsius; mm, 
millimeter. *** and ** denote coefficient significance at the 1% and 5% levels, respectively. 

2.3. Empirical Model 
We use the input distance function model proposed by [29]. Based on SFA and the 

translog input distance function meets the first-order homogeneous parameter conditions 
by [27,28]. We imposed homogeneity of degree of 1 upon the function model. Therefore, 
the stochastic distance function model for the kth group’s input is specified as follows: −ln𝑥ଵ௧௞ = 𝑎଴ + ∑ 𝑎௝ସ௝ୀଶ 𝑙𝑛𝑥௝௧௞∗ + ∑ 𝑏௠ଶ௠ୀଵ 𝑙𝑛𝑦௠௧௞ + ଵଶ ∑ ∑ 𝑎௝௞ସ௞ୀଶସ௝ୀଶ 𝑙𝑛𝑥௝௧௞∗𝑙𝑛𝑥௞௧௞∗                                         + ଵଶ ∑ ∑ 𝑏௠௞ଶ௞ୀଵଶ௠ୀଵ 𝑙𝑛𝑦௠௧௞ 𝑙𝑛𝑦௞௧௞ + ∑ ∑ 𝑐௝௠ଶ௠ୀଵସ௝ୀଶ 𝑙𝑛𝑥௝௧௞∗𝑙𝑛𝑦௠௧௞ + ∑ 𝑑௝ସ௝ୀଶ 𝑙𝑛𝑥௝௧௞∗𝑡                                                               + ∑ 𝑒௠ଶ௠ୀଵ 𝑙𝑛𝑦௠௧௞ 𝑡 + 𝑉௧௞ − 𝑈௧௞,                 ∀𝑥௝௧௞∗ = ௫ೕ೟ೖ௫భ೟ೖ    

(6)

According to [30], where Vt~N(0, σV2) are random estimation error which are 
independent normal distributed. The error represents the deviation of input or output 
from the frontier. Hence, Ut~N(mt, σU2) are random variables to account for technical 
inefficiency in production frontier and independent normal distributed. Therefore, mt = 
Ztß where Z is environment variables which may influence the inefficiency and ß is the 
parameters coefficient. 

Therefore, the stochastic metafrontier for the input distance function model by [23] 
can be written as: −ln𝑥ଵ௧ெ = 𝑎଴ + ∑ 𝑎௝ସ௝ୀଶ 𝑙𝑛𝑥௝௧∗ಾ + ∑ 𝑏௠ଶ௠ୀଵ 𝑙𝑛𝑦௠௧ெ + ଵଶ ∑ ∑ 𝑎௝௞ସ௞ୀଶସ௝ୀଶ 𝑙𝑛𝑥௝௧∗ಾ𝑙𝑛𝑥௞௧∗ಾ                                                                 + ଵଶ ∑ ∑ 𝑏௠௞ଶ௞ୀଵଶ௠ୀଵ 𝑙𝑛𝑦௠௧ெ 𝑙𝑛𝑦௞௧ெ + ∑ ∑ 𝑐௝௠ଶ௠ୀଵସ௝ୀଶ 𝑙𝑛𝑥௝௧∗ಾ𝑙𝑛𝑦௠௧ெ + ∑ 𝑑௝ସ௝ୀଶ 𝑙𝑛𝑥௝௧∗ಾ𝑡  + ∑ 𝑒௠ଶ௠ୀଵ 𝑙𝑛𝑦௠௧ெ 𝑡 + 𝑉௧ெ − 𝑈௧ெ,                 ∀𝑥௝௧∗ = ௫ೕ೟ಾ௫భ೟ಾ  

(7)

The traditional SFA model of production is limited to analyzing single output. This 
paper synchronously expands it into a distance function to measure multi-input-multi-
output production technology, which refers to the input-driven distance function that 
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pursues the minimum input given a fixed level of output [31]. In this way, it can more 
clearly describe the impact of environmental variables on production technology. 

3. Empirical Analysis 
3.1. Descriptive Statistics and Parameter Estimation Results 

Table 2 shows the results of the parameter estimates for the current year harvest 
frontier, the overwintering harvest frontier, and both culturing modes’ metafrontier. In 
these models, more than half of the variables reach the statistical significance level. In the 
first stage, on the inefficiency variables affecting the current year and the overwintering 
harvest models, the pond depth (z1), size of the fry (z2) and density of shrimp (z4) reached 
positive significant levels in both cultivation models. The results indicated that the deeper 
the pond, the larger the size of the fry and the higher the density of white shrimp are, the 
significantly greater the inefficiency is. The results mean that stocking will increase when 
the pond is deeper, resulting in low survival rates at low pond levels and possible feed 
waste. Larger fry sizes will also increase purchase costs. The white shrimp harvest can 
easily be affected by weather, resulting in poor yield. The above results are also consistent 
with the results in the existing literature. In the metafrontier inefficiency model of the 
second stage, the minimum temperature (z5) reaches a negative significant level. That 
indicated milkfish may freeze to death or grow slowly in low temperatures. Hence 
financial losses were expected. 

Table 2. Stochastic frontier parameter estimation results. 

Variables 

Group Frontier Estimation Metafrontier  
Estimation Current Year Harvest Overwinter Harvest 

Parameter 
Estimates 

Standard  
Errors 

Parameter 
Estimates 

Standard  
Errors 

Parameter 
Estimates 

Standard  
Errors 

Constant 0.0039 2.3490 −10.7170 *** 1.9317 −6.3016 5.9311 ln 𝑥ଶ 0.9972 0.6366 −1.6704 *** 0.3657 −1.0524 *** 0.4025 ln 𝑥ଷ 1.1054 ** 0.5541 0.7530 0.5642 0.9390 *** 0.3331 ln 𝑥ସ −2.8850 *** 0.8937 −1.2951 * 0.6701 −0.9422 * 0.5277 ln 𝑦ଵ −0.1243 0.5813 1.5618 *** 0.4133 0.6377 ** 0.3242 ln 𝑦ଶ −1.9855 *** 0.3503 −0.0811 0.2555 −0.4233 ** 0.2118 (ln 𝑥ଶ)ଶ −0.0489 0.0950 −0.1929 ** 0.0748 −0.0841 0.0676 (ln 𝑥ଷ)ଶ 0.3959 *** 0.0617 0.2897 *** 0.0450 0.2386 *** 0.0487 (ln 𝑥ସ)ଶ 0.3656 ** 0.1677 0.4720 ** 0.1876 0.0751 0.1117 (ln 𝑦ଵ)ଶ −0.3376 *** 0.0742 −0.1800 *** 0.0600 −0.2120 *** 0.0439 (ln 𝑦ଶ)ଶ −0.0047 0.0349 −0.0919 ** 0.0375 −0.0449 ** 0.0193 (ln 𝑥ଶ)(ln 𝑥ଷ) 0.0270 0.0373 −0.1548 0.0951 −0.1312 *** 0.0346 (ln 𝑥ଶ)(ln 𝑥ସ) −0.0378 0.0857 0.2684 *** 0.0986 0.1521 *** 0.0519 (ln 𝑥ଶ)(ln 𝑦ଵ) −0.0722 0.0801 0.1543 *** 0.0334 0.1737 *** 0.0453 (ln 𝑥ଶ)(ln 𝑦ଶ) −0.0304 0.0397 0.0645 ** 0.0289 −0.0132 0.0371 (ln 𝑥ଷ)(ln 𝑥ସ) −0.4917 *** 0.0946 −0.2993 * 0.1766 −0.2412 *** 0.0554 (ln 𝑥ଷ)(ln 𝑦ଵ) −0.0361 0.0731 −0.0806 0.0567 −0.0824 ** 0.0346 (ln 𝑥ଷ)(ln 𝑦ଶ) −0.0055 0.0511 0.0165 0.0303 0.0226 0.0341 (ln 𝑥ସ)(ln 𝑦ଵ) 0.3911 ** 0.1456 0.2282 *** 0.0614 0.2291 *** 0.0641 (ln 𝑥ସ)(ln 𝑦ଶ) 0.0594 0.0623 −0.0786 * 0.0465 −0.0361 0.0373 (ln 𝑦ଵ)(ln 𝑦ଶ) 0.2329 *** 0.0511 0.0518 ** 0.0227 0.0712 *** 0.0274 𝑡ଶ −0.9916 0.8001 0.7639 ** 0.3791 −1.0622 0.6797 t(ln 𝑥ଶ) 0.0604 0.0521 −0.0469 0.0597 0.0368 0.0410 t(ln 𝑥ଷ) −0.1036 ** 0.0438 0.0515 * 0.0282 −0.0388 0.0477 t(ln 𝑥ସ) 0.0674 0.0595 0.0381 0.0400 0.0037 0.0551 
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t(ln 𝑦ଵ) 0.1059 * 0.0629 −0.0601 ** 0.0256 0.1115 ** 0.0495 t(ln 𝑦ଶ) −0.0590 0.0468 0.0181 0.0195 −0.0523 ** 0.0248 
Constant −0.2776 0.1823 −0.6727 ** 0.2811 1.9060 9.1800 𝑧ଵ 0.0550 ** 0.0245 0.1421 ** 0.0558   𝑧ଶ 0.0556*** 0.0194 0.0718 *** 0.0263   𝑧ଷ 0.0049 0.0079 −0.0054 0.0048   𝑧ସ 0.0005 *** 0.0001 0.0004 *** 0.0001   𝑧ହ     −0.0377 *** 0.0080 𝑧଺     −0.0009 0.0008 

N 200 140 340 
***, **, and * denote coefficient significance at the 1%, 5%, and 10% levels, respectively. 

3.2. GTE, MTE and TGR 
By using the coefficient estimates in Table 2, we can estimate the group technical 

efficiency (GTE) of the two different culturing models as each is separately assessed, and 
the metafrontier technical efficiency (MTE) based on an assessment of both. Consequently, 
the technology gap rate (TGR) can be derived by dividing the two. It can be seen from 
Table 3 that the GTE of the current year harvest model is 0.7892. It means that using the 
current input-output and considering the influence of the environmental variables, the 
technical efficiency reaches 78.92%, which means that efficiency can still be improved by 
21.08%. Thus, input should continue to be reduced and output increased to improve 
technical efficiency. We should reduce the input and increase the output to improve 
technical efficiency. The Tainan area has the highest technical efficiency, followed by Jiayi 
and Yunlin. Through the nonparametric Mann–Whitney U Test, it can be seen that there 
are significant differences in GTE among the three areas. The overwintering harvest GTE 
is 0.8629 (86.29%), leaving room for 13.71% efficiency improvement. However, there is no 
significant difference between the results from the two areas. The distribution of the 
technical efficiency of the two culturing models is shown in Figures 5 and 6. The technical 
efficiency of the above two groups refers to the comparison of the relative efficiency 
within their respective groups. Therefore, only the statistical verification of the differences 
within the groups can be carried out-not between the two groups. The cross-group or 
cross-area efficiency verification can only be conducted based on the results of the overall 
relative comparison in the following section. 

Table 3. Non-parametric test for group technical efficiency (GTE), metafrontier technical efficiency 
(MTE), and technical gap rate (TGR) between two groups. 

Group Region 
GTE MTE TGR 

Mean p-Value Mean p-Value Mean p-Value 
Current 

Year 
Harvest 

[A] 

Yunlin 0.6665 
<0.01*** 

0.6096 
0.000 *** 

0.9147 
<0.01 *** Chiayi 0.7783 0.6462 0.8359 

Tainan 0.8335 0.6757 0.8143 
Mean [A] 0.7892  0.6539  0.8344  

Overwinter 
Harvest 

[B] 

Kaohsiung 0.8701 
0.500 

0.6194 
0.577 

0.7186 
0.045 ** 

Pingtung 0.8437 0.6299 0.7596 
Mean [B] 0.8629  0.6222  0.7297  

[A] vs. [B] 
p-value 

 -  <0.01 ***  <0.01 ***  

*** and **denote coefficient significance at the 1%, 5%, and 10% levels, respectively. 
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Figure 5. Distribution of group technical efficiency (GTE) scores of Current Year Harvest. 

 

Figure 6. Distribution of group technical efficiency (GTE) scores of Overwinter Harvest. 
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metafrontier coefficient in Table 3 shows that the overall average MTE is 0.6408 (Figure 
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the current input-output combination and accounting for the differences in environmental 
factors, which leaves 35.92% improvement potential. Thus, work must be done to reduce 
input costs and increase output to improve overall technical efficiency. According to the 
verification results (Table 3), the MTE value of the current year harvest model is 0.6539, 
which is significantly higher than the 0.6222 value of the overwintering harvest model. 
Consistent with the GTE results, the Tainan area is still the highest (0.6757) of the three 
areas under the current year harvest model, followed by Jiayi and Yunlin. Thus, it 
indicates that Yunlin has the greatest room for efficiency improvement. There are 
significant differences in the MTE values between the three areas. 
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Figure 7. Distribution of metafrontier technical efficiency (MTE) scores. 

The technology gap rate (TGR) is the MTE obtained from all methods taken together 
divided by the GTE of different methods. A TGR of 1 implies that farmers’ production 
technology is better when both the individual GTE and the MTE of all methods together 
are consistent. Table 3 shows that the average TGR is 0.7913 (Figure 8), thus it indicates 
that the current production technology of all methods is 79.13%. That means the current 
production technology can be improved by 20.87% by either reducing input or increasing 
output. The verification results show that the GTR of the current year harvest model is 
0.8344, which is significantly higher than the 0.7297 value of the overwintering harvest 
model. Then, it indicates that the latter has significantly more room for improvement in 
terms of production technology. From the perspectives of the two areas, all reach a 
significant level, with Yunlin being the highest for the current year harvest model, 
followed by Jiayi and Tainan. Tainan performs relatively well in both GTE and MTE, 
although the efficiency gap between the two is relatively large, which results in a low TGR 
and indicates that Tainan has more room for improvement in terms of production 
technology. The winter harvest pattern in Pingtung was significantly higher than that in 
Kaohsiung. 

 
Figure 8. Distribution of the technical gap rate (TGR) scores. 
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A regression analysis was conducted to explore the impact of the farmers’ personal 
experience and the characteristics of the farming area on MTE and TGR. Table 4 shows 
that for MTE, the younger the farmer’s age, the lower the farmer’s educational 
background, the larger the cultivating area, and the more years of cultivation experience-
as well as experience in freshwater farming-generate relative better MTE results. It 
suggests that young farmers are willing to accept new knowledge and justify their 
practices. Farmers with less education are more likely to embrace new knowledge with 
an open Large-scale scale cultivation can effectively reduce the cost of manpower, feed, 
and fry. The more the years of fish cultivation the farmer has, the more experience will be 
accumulated, thus making it possible to timely adjust the dissolved oxygen in the pond 
according to the climate and decide the optimal input of feed, so as to reduce the 
unnecessary input cost. In freshwater aquaculture, fish do not need to consume energy to 
remove salt to create a low salinity environment, which is conducive to physical growth. 
The analysis of TGR shows that the higher the farmers’ education, the lower their pond 
age, and the longer their cultivating experience in farming, plus freshwater, the relatively 
better their production technology is. This suggests that the higher the level of their 
education, the more ability they have to use their learned knowledge to invest in the 
orderly management of their cultivating field. The younger the pond age, the better the 
pond environment is, and the greater the experience, the better the accumulation of 
technology is, which helps to control costs. 

Table 4. Regression results on the metafrontier technical efficiency (MTE) and technical gap rate 
(TGR). 

Variables 
MTE TGR 

Coefficient Standard 
Error 

Coefficient Standard 
Errors 

Constant 0.7344 *** 0.0334 0.7244 *** 0.0533 
sex −0.0058 0.0104 −0.0222 0.0166 
age −0.0012 ** 0.0004 −0.0009 0.0007 

education −0.0081 * 0.0042 0.0211 *** 0.0067 
area 0.0022 * 0.0012 −0.0004 0.0018 

average pool age −0.0005 0.0004 0.0017 *** 0.0006 
fish farming years 0.0008 * 0.0004 0.0017 ** 0.0007 

sea water −0.0195 ** 0.0084 0.0523 *** 0.0135 
Note: ***, **, and * denote coefficient significance at the 1%, 5%, and 10% levels, respectively. 

4. Discussion 
This paper evaluated the production efficiency of Taiwan’s Milkfish in different 

culturing models by using the stochastic metafrontier production model proposed by [23]. 
This prior study modified the models of [24,25], added environmental variables to the 
model and used the new stochastic frontier analysis to evaluate the technical efficiency 
and production technology for firms in different groups. A regression analysis was 
conducted to explore the impact of surveyed farmers’ personal experience and the 
characteristics of the farming area on the metafrontier technical efficiency (MTE) and 
technical gap rate (TGR). 

This paper shows that in spite of the environmental difference between two culturing 
models, shallower ponds, smaller size of fish fry, and lower shrimp density should make 
culturing more technically efficient. Prior research [13] considers the flexible risk 
properties and uses the stochastic frontier model to analyze production risk, technical 
efficiency and determinants of fish farms in four regions of Ghana. Their result found 
production risks exist in fish farms [13]. Other researchers [20] analyzed the efficiency of 
hard clam (Meretrix meretrix) farmer polyculture with milkfish (Chanos chanos), silver sea 
bream (Rhabdosargus sarba), and shrimps at different hard clam stocking densities in 
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Taiwan. Here, farmers were found to have to consider product-specific economies of 
scope at various levels of production [20]. We had similar results as [13,20], where 
environmental variables were key determinants of technological efficiency for groups. 

Our analysis revealed that age, had a statistically negative significant effect on 
technology efficiency. Our results were similar to the findings of [32–35], which 
established that young farmers are willing to accept new knowledge, invest in technology 
development and adoption and justify their practices. Another prior study [36] proposed 
that in order to gain beneficial experience for young farmers, they should be trained in 
farm production supervision and management. 

We found the coefficient of education to have a positive and statistically significant 
impact on technology efficiency. With the improvement of farmers’ education level, the 
impact of education on technical efficiency was similarly found to be significant by prior 
studies [13,37–40]. The reason was more educated farmers have better skills, access to 
information and better farm management. The higher education, the more ability to use 
their knowledge to invest in the orderly management of cultivating their field. However, 
see [18,33] who found that education level had a significant negative effect on technical 
efficiency. While high levels of academic education may not necessarily be helpful to 
farmers, the type of formal training (e.g., fish farming) may be useful [33]. 

Our analysis revealed that production area had a statistically positive significant 
effect on technology efficiency. Similarly, larger pond size contributed to greater efficiency 
[13,17,41–43], and farmers with an open large-scale scale cultivation can effectively reduce 
the cost of labor. A prior study [36] proposed that large ponds have cost advantages and 
farmers can adopt new technologies and facilities. The analysis revealed that fish farming 
years had a statistically positive significant effect on technology efficiency. The more the 
years of fish cultivation the farmer has, the more experience will be accumulated, thus 
making it possible to timely adjust the dissolved oxygen in the pond according to the 
climate and decide the optimal input of feed, so as to reduce unnecessary input costs. 
Highly experienced farmers had more technical efficiency [44,45] because they have 
stronger managerial ability [46], extensive connections with workers and suppliers [34], 
and attendance at workshops [35]. Similar results were found in other studies such as 
[47,48]. 

There are certain limitations to our study. First, future research needs to increase the 
sample size of surveyed farmers. We only surveyed 100 current year and 70 overwinter 
harvest farmers from 2017 to 2019. Secondly, our research explores the impact of farmers’ 
personal experience and the characteristics of the farming area on MTE and TGR using 
only seven variables. Future research should consider adding more factors that affect 
technical efficiency, such as cultivation skills, government policy, and pond tenure. 

5. Conclusions 
This paper takes into consideration the differences between both the culturing 

models and climates with the application of the metafrontier production model proposed 
by [1] and extended to the multi-input-multi-output distance function form, calculated 
the group technical efficiency (GTE), the metafrontier technical efficiency (MTE) and 
technical gap rate (TGR), and reasonably evaluated the technological efficiency and 
production technology of two different culturing models. Our empirical result found that 
the MTE and TGR of the current year harvest model were significantly higher than those 
of the overwintering harvest model after considering the differences between the two 
culturing models and their internal and external environments. This indicates that the 
technical efficiency and production technology used in the current year harvest model 
were superior to those of the overwinter harvest model. It also shows that the overwinter 
harvest model had a longer cultivation period. Therefore, despite its high output, it also 
required high input and, as a result, its technical efficiency and production technology 
were inferior to those of the current year harvest model. On the whole, under the current 
input-output combination, its technical inefficiency can be improved by 35.92% and its 
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production technology by 20.87%. Therefore, efforts should be made to reduce input costs 
and increase output to improve the technical efficiency and production technology of 
polyculture. The regression analysis suggests that the younger the farmers, the lower their 
educational background, the longer their cultivation experience, cultivation area, and 
longer their experience with freshwater farming, the relatively better MTE values are for 
farmers. When farmers have higher education, newer ponds, and more cultivation 
experience in freshwater farming, the level of production technology is relatively better. 
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