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A B S T R A C T

Freshwater aquaculture is essential for food security and the sustainable development of global aquaculture and 
currently there are great concerns about potential threats from climate change. This paper attempts to identify 
the influence of climate change on freshwater aquaculture empirically. The research incorporates climatic factors 
together with other freshwater aquaculture production factors into a classic Cobb-Douglas production function to 
investigate their impact on freshwater aquaculture production. The data include a set of statistical panel data of 
freshwater aquaculture production and climate change factors in 15 major freshwater aquaculture provinces of 
China during 2006–2020. The results reveal that climate change has an inverted U-shape impact on Chinese 
freshwater aquaculture production and the impact exhibits spatial heterogeneity across the coastal and inland 
provinces and across the northern and southern provinces in China.

1. Introduction

Freshwater aquaculture currently accounts for 77% of edible aqua
culture production around the world (excluding aquatic plants). About 
80% of global farmed bait fish production and the majority of edible 
filter-feeding species are produced in freshwater (Zhang et al., 2022). As 
the largest freshwater aquaculture producer in the world, China pro
duced 31 million tons of freshwater aquaculture products in 2020, 
which accounts for nearly 60% of total aquaculture products in China 
and 57% of global freshwater aquaculture products. Liu et al. (2025)
provide a detailed overview of Chinese aquaculture.

Global aquaculture, as a climate-sensitive social-ecological system, is 
influenced by social and environmental perturbations; and it is pro
foundly impacted by climatic variations and extremes. Accordingly, 
climate change has become a major threat to global aquatic production 
(De Silva and Soto, 2009). Several previous studies have attempted to 
explore the impact of climate change on marine fisheries and coastal and 
freshwater aquaculture (Brander, 2010; Ahmed and Diana, 2015; 
Shameem et al., 2015; Hermansen and Heen, 2012; Nadarajah and Eide, 

2020; Lebel et al., 2021; Khan et al., 2024; and Le and Armstrong, 2024). 
According to Brander (2007), the impacts of climate change on fresh
water aquaculture are more complex than those on marine fisheries, as 
aquaculture has a great level of control over the production environment 
(e.g. by controlling feeding, breeding and disease mitigation) and 
environmental conditions (e.g. by controlling water flow, temperature 
and quality). In view of the susceptibility of freshwater aquaculture to 
climate change, it is necessary and meaningful to identify and assess the 
influence of climate change on freshwater aquaculture production, and 
particularly so to China, the world's largest freshwater aquaculture 
producer.

To date, a substantial research effort has been made on evaluating 
the impact of climate change on freshwater aquaculture, focusing on the 
subjects such as impact mechanism, living area, aquaculture species, 
and public adaptation strategies (Yang and Chen, 2007; Marcos-López, 
M., Gale, P., Oidtmann, B.C., & Peeler, E.J. et al., 2010). For instance, 
Ahmed et al. (2016) conducted a field survey in Bangladesh and 
revealed that different climatic variables had detrimental effects on the 
ecosystem of ponds and thus affect survival, growth and production of 
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fish. Regarding climatic impact on freshwater ecosystems, former 
studies found that climate change (e.g., water temperature fluctuation) 
could cause changes in the distribution range of fish species in river 
communities, while also resulting in a decrease in fish resource 
replenishment and survival (Lehtonen, 2010; Honsey et al., 2016; Rypel 
et al., 2017; Liu, 2022). Notably, different freshwater fish species exhibit 
varying levels of adaptability to climate change, influenced by their 
biological characteristics and tolerance levels (Prakoso et al., 2020). 
Few studies have looked at the impacts of climate change on the fresh
water aquaculture in China. Li, S., Yang, Z., Nadolnyak, D., &Luo, Y. 
(2016) investigated the impact of different climatic conditions on the 
profitability of the freshwater aquaculture in China, concluding that 
profitability has heterogeneous responses to climate change. However, 
Li et al. (2016) considered the impacts on profitability as opposed to 
productivity. To the best of our knowledge, none of previous studies 
have systematically measured the impact of climate change on fresh
water aquaculture in China. Further, certain important factors that 
reflect actual freshwater aquaculture and climate change are also not 
investigated.

To address these research gaps, this study attempts to measure the 
effect of climate change on freshwater aquaculture production in China, 
adopting a classic Cobb-Douglas production function. The study uses 
panel data of freshwater aquaculture and climate change in 15 major 
freshwater aquaculture provinces in China during 2006–2020.

The empirical results reveal that: 1) changes in temperature and 
precipitation exhibit an “inverted U-shape” characteristic in their impact 
on the freshwater aquaculture yield (FAY) in China; 2) the impact of 
climate change on FAY shows pronounced spatial heterogeneity be
tween coastal and inland provinces, although it is not statistically sig
nificant across the northern and southern provinces; 3) the impact of 
temperature on FAY presents an increasing and inhibiting effect in both 
the short and long term in both coastal and inland provinces. In contrast, 
precipitation demonstrates an “inverted U-shape” feature; 4) the impact 
of temperature reflects an “inverted U-shape” pattern on FAY between 
the northern and southern provinces of China. However, the impact of 
precipitation varies across the northern and southern provinces, which 
presents an “inverted U-shape” and a “U-shape” pattern, respectively.

2. Theoretical framework

Climate change has a significant impact on global agricultural pro
duction, given that farming activities are directly dependent on climatic 
conditions (Moore and Lobell, 2015; Guo et al., 2022). Currently, two 
models, namely the crop model and the statistical model, have been 
widely applied to assess the impact of climate change on agricultural 
production (Ewert et al., 2015). The crop model is mainly based on the 
crop growth theory and the controlled production experiment to explore 
the impact of various ecological and environmental factors on crop yield 
(Lobell et al., 2013; Wang et al., 2015). However, as farmers' adaptation 
to climate change is easily ignored in experimental process, the impact 
of climate change on crop yield is often overestimated. The statistical 
model emphasizes the development of economic modelling based on 
historical statistical data and farmers' adaptive behavior. Accordingly, 
the results of statistical models are more reliable compared with other 
controlled production experiments that have been widely used in pre
vious economic research on climate change (Hou et al., 2015; Chen 
et al., 2016).

Regarding the current situation of freshwater aquaculture, it is 
obvious that yields are affected by both controllable and variable inputs 
(e.g., aquaculture technology, capital input, and labor) and uncontrol
lable elements (e.g., climatic factors). In practice, climatic factors not 
only have a direct impact on the yield of freshwater aquaculture by 
affecting the physiological activities such as growth, and reproduction, 
but also exert an indirect effect on yield by affecting the efficiency of 
other input factors. This study attempts to incorporate climatic factors 
into a Cobb-Douglas production function to measure the effects of 

climate change on the yield of freshwater aquaculture, as shown in the 
following equation: 

Yield = φAreaτLaborδPowerθFryωeγClimate (1) 

where, Yield denotes freshwater aquaculture yield (FAY); Area repre
sents the area of freshwater aquaculture (AFA); Labor represents the 
number of freshwater aquaculture labor (NFAL); Power represents 
power (in kw) of freshwater aquaculture production vessels (PFAPV); 
Fry represents freshwater aquaculture fry inputs (FAFI); Climate repre
sents climate factors of precipitation (in millimeters /month) and tem
perature in degrees Celsius and; τ, δ, θ, ω, γ represents the yield elasticity 
of each influencing factor.

Regarding the representativeness of climatic factors, two factors that 
are commonly believed most closely related to freshwater aquaculture 
production are selected, namely the temperature and precipitation. 
Given the possible nonlinear relationship between climate change and 
freshwater aquaculture yield, the quadratic term of temperature and 
precipitation factors are considered in this paper. Thus, the natural 
logarithm of both sides of Eq. (1) is taken to obtain the linear expression 
of freshwater aquaculture production function in consideration of 
climate change, as shown in the following equation: 

lnYieldi,t = C+ τlnAreai,t + δlnLabori,t + θlnPoweri,t +ωlnFryi,t

+ γ1Precipitationi,t + γ2Temperaturei,t + γ3Precipitation2
i,t

+ γ4Temperature2
i,t + ε

(2) 

where, i refers to the province investigated; t represents the year 
investigated; γ1, γ2, γ3, γ4 represents the influence degree of primary 
precipitation, primary temperature, quadratic precipitation and 
quadratic temperature term on FAY, respectively.

Production cycles, from breeding to cultivation, usually take 1–2 
years. However, for some species e.g. freshwater seedless pearls, it may 
take as little as half a year or as long as 3–5 years (Zheng and Pan, 1986; 
Song et al., 2017; Xue, 2018). The cross-year breeding cycle indicates 
that the yields are only affected by climate factors in the year under 
investigation but also before the year under investigation, thus the 
impact of climate factors on FAY has some time-lagged features. 
Considering that this research focuses on aggregate level of freshwater 
aquaculture and individual species are not specified, to simplify the 
analysis and modelling process, we summarize all potential time-lags 
into an overall one-period lag effect without detailed time-lag specifi
cation in the equation. 

lnYield2i,t = C+ τlnAreai,t + δlnLabori,t + θlnPoweri,t +ωlnFryi,t

+ γ1Precipitationi,t− 1 + γ2Temperaturei,t− 1 + γ3Precipitation2
i,t− 1

+ γ4Temperature2
i,t− 1 + ε

(3) 

As shown in Eq. (3), each climatic factor is lagged by one period and 
has a quadratic form. Moreover, to avoid possible multicollinearity, the 
current values of climatic factors are not taken into account in the 
regression model.

Since the empirical analysis in the paper is based on long panel data, 
it is necessary to determine whether to adopt the fixed effect model 
(FEM) or random effect model (REM) for regression estimation. The test 
results show that, except for the basic regression model of coastal 
provinces, P-values of the Hausman Test are all less than 0.1, indicating 
that the FEM is more suitable for this study than the REM. Although the 
basic regression model of coastal provinces fails to pass the Hausman 
Test, the FEM is still valid in this situation. Therefore, the study has 
uniformly applied the FEM. In addition, to avoid the endogeneity 
problem caused by missing explanatory variables, the study presents a 
solution to control the individual and time effect simultaneously, and 
adopts a two-way FEM for regression estimation.
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3. Data and methodology

The climatic data used in this research are collected from the CRU TS 
4.05 (Climatic Research Unit gridded Time Series) global monthly pre
cipitation and grid temperature dataset (Harris et al., 2020), which 
covers a spatial resolution of 0.5◦ × 0.5◦ and a time span from 1901 to 
2020. We firstly obtain the accurate longitude and latitude of the loca
tion from the official website and the statistical yearbook of different 
provinces and then match them with the grid point from CRU TS 4.05 to 
obtain the monthly mean precipitation and temperature data of each 
province accordingly. The annual cumulative precipitation is obtained 
by accumulating the monthly precipitation data of each province. The 
average annual temperature of each province is obtained by calculating 
the average monthly temperature of each province.

The Chinese Fishery Statistical Yearbook annually (MARA, 2022) is 
the most recent and reliable source for the period of 2006–2021. In the 
Yearbook, the data of freshwater aquaculture yield (FAY) and area 
(AFA) by province are directly available. The data of freshwater aqua
culture fry inputs (FAFI) are not directly available, but the output of 
regional freshwater fish fry (FAF) is used as a proxy of the FAFI in this 
research. Similarly, the power of freshwater aquaculture production 
vessels (PFAPV) and the number of freshwater aquaculture labors 
(NFAL) are also unavailable from the China Fishery Statistical Yearbook, 
as such they need be estimated. Regarding the PFAPV, the data during 
2006–2011 are calculated by deducting the power of mariculture pro
duction vessels from total power of aquaculture production vessels, and 
the data from 2012 onwards can be directly obtained from corre
sponding annual Chinese Fishery Statistical Yearbooks. NFAL is esti
mated by deducting the number of professionals in mariculture from the 
number of labor in fishery aquaculture.

Given regional data on freshwater aquaculture and on temperature 
and precipitation are not complete for all provinces, we select only the 
top 15 provinces in terms of Chinese freshwater aquaculture output in 
2020 (Fig. 1). The 15 provinces include seven coastal provinces - 
Liaoning, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Guangxi 
Zhuang autonomous region and eight inland provinces - Heilongjiang, 
Anhui, Jiangxi, Henan, Hubei, Hunan, Sichuan and Yunnan. Among the 
provinces, Liaoning, Heilongjiang, Shandong and Henan are the four 
northern provinces, while Jiangsu, Zhejiang, Anhui, Fujian, Jiangxi, 
Hubei, Hunan, Guangdong, Guangxi Zhuang autonomous region, 

Sichuan and Yunnan are the 11 southern provinces. Output of the above 
15 provinces accounts for over 90% of total domestic freshwater aqua
culture output during the period 2006 to 2020.

4. Results

4.1. The impact of climate change on freshwater aquaculture yield in 
China

This study applied Stata 16 to measure both the current and lagged 
effects of climate change on freshwater aquaculture yield. As shown in 
Table 1, the basic regression model without climate factors (the Model I) 
has a R2 value of 0.868, indicating that the factors included in the 
regression analysis can explain 86.8% of China's freshwater aquaculture 
yield. Similarly, the regression models with current (Model II) and lag
ged climate factor (Model III) have R2 values of 0.885 and 0.884 
respectively, which indicate that adding climate change factor can 
enhance the fitting of freshwater aquaculture yield in China.

Table 1 shows more detailed regression results. First, there is a sig
nificant positive relationship between freshwater aquaculture area 
(AFA) and yield (FAY) in all three regression models. The output elas
ticity coefficient values of AFA in all the models are above 0.42, which is 
much higher than that of other input factors. This indicates that the AFA 
has a more obvious enhancing effect on FAY than other input factors. 
Second, the factor of freshwater aquaculture labor (NFAL) has a signif
icant positive impact on the output of freshwater aquaculture in Model 
II, whilst Model III does not pass the statistical test. The finding reflects 
that increasing NFAL has a certain promoting effect on improving the 
output of freshwater aquaculture. Third, both the power of freshwater 
aquaculture production vessels (PFAPV) and the freshwater aquaculture 
fry inputs (FAFI) fail to pass the significance test in all the models, which 
means that their impacts on the freshwater aquaculture yield may be 
included in constant terms linearly. Fourth, the influence of climate 
change on freshwater aquaculture yield is characterized by an obvious 
“Inverted U-shape”. From the perspective of temperature changes in 
Table 1, both the quadratic term of the current temperature and the 
lagged present significant negative effects on the freshwater aquaculture 
yield in China. Based on the calculation using the formula for the co
ordinates of extremum points of the second-order nonlinear terms in the 
multiple linear regression model, the results are obtained as shown in 

Fig. 1. Geographic distribution of selected FAP provinces in China. 
Note: The provinces in blue represent the selected provinces. Three different blue blocks denote the percentage in China's total freshwater aquaculture production in 
2020. Source: Chinese Fisheries Statistical Yearbook 2021.
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Table 2.
When the average annual temperature is below − 3.2 ◦C (current 

phase) or − 1.3 ◦C (one lag phase), the increase in temperature has a 
positive effect on FAY. When the average annual temperature is above 
− 3.2 ◦C (current phase) or − 1.3 ◦C (one lag phase), the increase in 
temperature shows a negative effect on FAY. Additionally, from the 
perspective of precipitation changes, the impacts of the current and 
lagged precipitation changes on FAY are not significant. Considering the 
regression coefficients, the impact of precipitation changes on FAY also 
shows an “inverted U-shape” pattern. Similarly, when the annual total 
precipitation is below 1291 mm (current phase) or 1194 mm (one lag 
phase), the increase in precipitation positively affects FAY. When the 
annual precipitation is above 1291 mm (current phase) or 1194 mm 
(one lag phase), the increase in precipitation negatively impacts FAY.

4.2. Heterogenous impacts of climate change on freshwater aquaculture 
yield in China's coastal and inland areas

The climatic conditions of coastal and inland provinces are different. 
Under the context of global warming, the climatic characteristics of 
coastal and inland areas present different forms of changes because of 
various geographical locations. In addition, the economic and techno
logical development level of coastal areas is generally higher than that of 

inland areas, so freshwater aquaculture farmers in different regions may 
take different measures to respond to climate change. This may objec
tively lead to spatial heterogeneity of impacts of climate change on FAY 
in coastal and inland areas.

Table 3 shows that the R2 value of the basic regression model for 
coastal provinces (Model 1) is 0.872, and for inland provinces (Model 4) 
is 0.922, both of which are lower than the R2 obtained by the current 
regression model with introducing climate factors values (R2

coastal prov

inces = 0.888; R2
inland provinces = 0.931), respectively. The results indicate 

that climate change presents different influential degrees on FAY in 
coastal and inland provinces.

The impact mechanisms of temperature on the freshwater aquacul
ture yield in coastal and inland provinces are opposite, with the lagged 
effect of temperature being significant in inland provinces. For coastal 
provinces, both current and lagged quadratic term of temperature in the 
regression coefficients are positive, and both regression equations pre
sent a goodness of fit - R2 value higher than 0.88. This suggests that 
temperature has an obvious “U-shape” impact on FAY in coastal prov
inces, namely, the effect of temperature generally shows a trend of 
initially decreasing with the increase in temperature. According to the 
calculation using the formula for the coordinates of extremum points of 
the second-order nonlinear terms in the multiple linear regression 
model, it is determined that when temperature rises to 9.7 ◦C (current 

Table 1 
Overall regression results of the impacts of climate change on FAY in China.

Variable China

Basic(Model I) Current(Model II) One lag phase (Model III)

Areai, t 0.435*** 
(0.0738)

0.429*** 
(0.0857)

0.423*** 
(0.0768)

Laborit 0.130** 
(0.0491)

0.115** 
(0.0535)

0.0686 
(0.0553)

Poweri, t − 0.00124 
(0.0117)

− 0.00457 
(0.0113)

− 0.00592 
(0.0127)

Fryi, t 0.0388 
(0.0377)

0.0377 
(0.0336)

0.0338 
(0.0327)

Precipitationi, t 0.000147 
(0.000162)

Precipitationi, t-1 0.000177 
(0.000130)

Temperaturei, t − 0.0227 
(0.0511)

Temperaturei, t-1 − 0.0105 
(0.0550)

Precipitation2
i, t − 5.69e-08 

(5.31e-08)
Precipitation2

i, t-1 − 7.41e-08 
(4.46e-08)

Temperature2
i, t − 0.00353** 

(0.00150)
Temperature2

i, t-1 − 0.00396** 
(0.00182)

Constant 6.649*** 
(1.174)

8.122*** 
(1.161)

8.630*** 
(1.213)

Fixation of individual Yes Yes Yes
Fixation of year Yes Yes Yes
Observations 224 224 224
R-squared 0.868 0.885 0.884
Number of provinces 15 15 15
Hausman Test P = 0.0000 P = 0.0000 P = 0.0000

Note: The values in brackets represent robust standard errors; ***represents p < 0.01, **represents p < 0.05, *represents p < 0.1.

Table 2 
Estimation of the extremum points of the nonlinear effects of climate change on FAY in China.

Variable Precipitation (mm) Temperature (◦C)

Nationwide Current 1291 − 3.2153**
One lag phase 1194 − 1.3258**

Note: Extreme point(Precipitation) = − γ1/2γ3, Extreme point(Temperature) = − γ2/2γ4; *** represents p < 0.01, ** represents p < 0.05, * represents p < 0.1.
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phase) or 17.1 ◦C (one lag phase), FAY in coastal provinces decreases to 
its minimum value, and subsequently exhibits a growing trend with the 
increase in temperature. Regarding inland provinces, both the regres
sion coefficients of the quadratic term of current and lagged temperature 
are negative, and both regression equations present a higher goodness of 
fit, with the value of R2 higher than 0.93. This implies that temperature 
has an “inverted U-shape” impact on FAY in inland provinces—initially 
increasing with rising temperatures and reaching a maximum value at 
1.43 ◦C (current phase) or 3.68 ◦C (one lagged phase), after which the 
yield decreases with further rises in temperature. Overall, in the context 
of global warming, temperature has a short-term inhibiting effect on 
coastal freshwater aquaculture yield and a promoting effect on inland 
freshwater aquaculture yield. In the long term, temperature exhibits a 
promoting effect for coastal provinces and an inhibiting effect for inland 
provinces.

Additionally, the impacts of precipitation on FAY in both coastal and 
inland provinces generally converge, but the lagged effects are not sig
nificant. As shown in Table 3, for both coastal and inland provinces, the 
regression coefficients for both current and lagged quadratic terms of 
precipitation are negative. This indicates that the impacts of precipita
tion on FAY in both coastal and inland provinces exhibit a distinct 
“inverted U-shape” pattern. Therefore, in both the short and long term, 
the impacts of precipitation on FAY in coastal China generally increase 
with the rise in precipitation. According to the calculation results, when 
precipitation reaches 2318 mm (current phase) or 1855 mm (one lagged 
phase), FAY in coastal areas increases to its maximum value. Subse
quently, FAY in the coastal provinces declines with further increases in 
precipitation. In terms of the inland provinces, when the precipitation 
increases to 927 mm (current phase) or 744 mm (one lagged phase), the 
inland FAY increases to its maximum value, and subsequently declines 
with further increases in precipitation.

4.3. Heterogenous impacts of climate change on freshwater aquaculture 
yield in China's southern and northern areas

Similarly, there are clear differences in the climate characteristics 
between the northern and southern regions of China (Cao et al., 2023). 
Given that the economic and technological levels in the southern region 
are generally higher than in the northern region, farmers in the north 
and south also adopt different measures in response to climate change. 
This may also lead to spatial heterogeneity in the impact of climate 
change on FAY in the northern and southern regions. Therefore, Stata 16 
software is applied in this study to investigate the current and delayed 
(one lag phase) effects of climate change on FAY to explore its spatial 
heterogeneity (Table 4). Simultaneously, the study calculated the 
maximum and minimum values of the nonlinear impacts of climate 
change on FAY, as shown in Table 5. According to Table 4, the R2 value 
of the current basic regression model (7) in the southern provinces was 
0.899 and model (10) in the northern provinces was 0.822, both of 
which were lower than the R2 values obtained for the current regression 
model (8) and model (11) with climate factors and the lagged regression 
model (9) and model (12) (in southern provinces: R2

model 8 = 0.917  
and R2

model 9 = 0.914; in northern provinces: R2
model 11 = 0.880 and R2

model 

12 = 0.863, respectively). However, climate factors do not show signif
icant effects in any of the regression models, implying that climate 
change does not produce a noticeable heterogeneous impact on FAY in 
China's southern and northern provinces. The increase in R2 is possibly 
due to an overabundance of explanatory variables, resulting in an overly 
complex multiple linear regression model (Chen, 2014).

In fact, certain similar results can be found by analyzing the nu
merical values of the regression coefficients for climate factors. In all the 
regression models, the regression coefficients of both quadratic terms of 
current and lagged temperature are in the same direction and negative 
in the northern and southern provinces. This indicates that the impact of 

Table 3 
The impact of climate change on FAY in China's coastal and inland provinces.

Variable Coastal Provinces Inland Province

Basic(1) Current(2) One lag phase(3) Basic(4) Current(5) One lag phase(6)

Areai, t 0.427*** 0.412*** 0.420*** 0.329*** 0.344*** 0.331***
(0.0910) (0.0864) (0.0910) (0.0659) (0.0925) (0.0768)

Labori, t 0.0527 − 0.0105 − 0.0271 − 0.00113 − 0.0484 − 0.0388
(0.0826) (0.0890) (0.0978) (0.0818) (0.0729) (0.0872)

Poweri, t 0.000208 0.00286 0.00316 − 0.0336* − 0.0291 − 0.0327*
(0.0109) (0.0109) (0.0121) (0.0174) (0.0156) (0.0165)

Fryi, t 0.0375 0.0302 0.0294 0.0603 0.0243 0.0210
(0.0246) (0.0269) (0.0219) (0.133) (0.119) (0.124)

Precipitationi, t 5.47e-05 0.000110
(0.000151) (0.000231)

Precipitationi, t-1 8.20e-05 0.000116
(0.000292) (0.000141)

Temperaturei, t − 0.109 0.0139
(0.0595) (0.0394)

Temperaturei, t-1 − 0.148 0.0334*
(0.0875) (0.0163)

Precipitation2
i, t − 1.18e-08 − 5.93e-08

(4.51e-08) (7.96e-08)
Precipitation2

i, t-1 − 2.21e-08 − 7.80e-08
(8.91e-08) (4.56e-08)

Temperature2
i, t 0.00565** − 0.00486**

(0.00201) (0.00163)
Temperature2

i, t-1 0.00432 − 0.00454**
(0.00230) (0.00153)

Constant 7.834*** 8.898*** 10.02*** 9.588*** 10.97*** 10.67***
(1.609) (0.975) (1.174) (1.970) (1.468) (1.951)

Fixation of individual Yes Yes Yes Yes Yes Yes
Fixation of year Yes Yes Yes Yes Yes Yes
Observations 105 105 105 119 119 119
R-squared 0.872 0.888 0.884 0.922 0.931 0.929
Number of provinces 7 7 7 8 8 8
Hausman test P = 0.2858 P = 0.0000 P = 0.0007 P = 0.0008 P = 0.0000 P = 0.0000

Note: The values in brackets represent robust standard error; *** represents p < 0.01, ** represents p < 0.05. * represents p < 0.1.
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temperature on FAY in both northern and southern provinces exhibits an 
“inverted U-shape” pattern of change (i.e., increasing with the rise in 
temperature). Similarly, the regression coefficients of quadratic terms of 
the lagged precipitation are also all negative. This implies that the 
impact of precipitation on FAY in both northern and southern provinces 
also presents a distinct “inverted U-shape” pattern (i.e., increasing with 
the rise in precipitation). However, the regression coefficients of 
quadratic terms of the current precipitation show variability between 
the northern and southern regions. The impact of current precipitation 
on FAY in the southern provinces presents an “inverted U-shape” 
change, whereas in the northern provinces shows a “U-shape” shift. To 
sum up, the impact of climate change on FAY in both the northern and 
southern provinces tends to converge but does not show statistically 
significant spatial heterogeneity.

5. Conclusions and policy implications

The present study investigates the impact of climate change on the 

freshwater aquaculture yield (FAY) by incorporating freshwater aqua
culture variables such as the area (AFA), vessel power vessels (PFAPV), 
fry inputs (FAFI), labor (NFAL), temperature and precipitation in a 
comprehensive production function with advanced predictive ability. 
The data used in the study are collected from 15 major freshwater 
aquaculture provinces in China during 2006–2020, and utilizes Stata 16 
software to empirically investigate the effects of climate change on the 
freshwater aquaculture production in China.

The results find that climate change does affect FAY in China and the 
impact of temperature variations exhibits an evident lag-behind force. 
Both precipitation and temperature change demonstrate a pronounced 
“inverted U-shape” characteristic in their influence on FAY. Specifically, 
freshwater aquaculture area (AFA) and labor (NFAL) have positive and 
significant impacts on FAY, whereas the effects of freshwater aquacul
ture power vessel (PFAPV) and input (FAFI) are not significant.

Moreover, climate change has different impacts on FAY between 
coastal and inland provinces with considerable spatial heterogeneity. 
Among them, the impact mechanism of temperature on FAY has been 

Table 4 
The impact of climate change on FAY in northern and southern provinces of China.

Variable Southern Provinces Northern Provinces

Basic(7) Current(8) One lag phase(9) Basic(10) Current(11) One lag phase(12)

Areai, t 0.451*** 0.459*** 0.445*** 0.340 0.203 0.160
(0.0559) (0.0774) (0.0716) (0.325) (0.230) (0.292)

Labori, t 0.0644 0.0219 0.0131 0.316 0.374 0.250
(0.0565) (0.0646) (0.0603) (0.279) (0.266) (0.283)

Poweri, t − 0.00972 − 0.0122 − 0.0143 0.0304 0.0303 0.0353
(0.0120) (0.0112) (0.0134) (0.0210) (0.0191) (0.0306)

Fryi, t 0.0269 0.0181 0.0180 0.00516 − 0.0226 0.0128
(0.0338) (0.0228) (0.0232) (0.131) (0.133) (0.0891)

Precipitationi, t − 3.66e-06 − 0.00134
(0.000177) (0.00162)

Precipitationi, t-1 0.000182 0.00133
(0.000190) (0.00197)

Temperaturei, t − 0.0654 0.0286
(0.143) (0.0506)

Temperaturei, t-1 − 0.00793 0.00521
(0.121) (0.0641)

Precipitation2
i, t − 1.86e-08 1.20e-06

(5.29e-08) (1.13e-06)
Precipitation2

i, t-1 − 7.74e-08 − 9.84e-07
(6.43e-08) (1.43e-06)

Temperature2
i, t − 0.00297 − 0.00969

(0.00258) (0.00556)
Temperature2

i, t-1 − 0.00399 − 0.00949
(0.00319) (0.00406)

Constant 7.536*** 10.10*** 9.523*** 5.054 7.455* 8.462*
(1.258) (1.904) (1.684) (3.240) (2.538) (2.864)

Fixation of individual Yes Yes Yes Yes Yes Yes
Fixation of year Yes Yes Yes Yes Yes Yes
Observations 165 165 165 59 59 59
R-squared 0.899 0.917 0.914 0.822 0.880 0.863
Number of provinces 11 11 11 4 4 4
Hausman test P = 0.0600 P = 0.0000 P = 0.0000 P = 0.0000 P = 0.0000 P = 0.0000

Note: The values in brackets represent robust standard error; *** represents p < 0.01, ** represents p < 0.05, * represents p < 0.1.

Table 5 
Estimation of the extremum points of the nonlinear effects of climate change on inter-regional FAY in China.

Variable Precipitation (mm) Temperature (◦C)

Coastal Provinces Current 2318 9.6460**
One lag phase 1855 17.1296

Inland Province Current 927 1.4300**
One lag phase 744 3.6784**

Northern Provinces Current 558 1.4757
One lag phase 676 0.2745

Southern Provinces Current − 98 − 11.0101
One lag phase 1176 − 0.9937

Note: Extreme point(Precipitation) = − γ1/2γ3, Extreme point(Temperature) = − γ2/2γ4; *** represents p < 0.01, ** represents p < 0.05, * represents p < 0.1.
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opposite in coastal and inland provinces, with a significant lag effect in 
inland provinces. The impact of temperature on FAY has a distinct “U- 
shape” feature in coastal provinces, whereas a pronounced “inverted U- 
shape” feature in inland provinces. In contrast, the effects of precipita
tion on FAY in both coastal and inland provinces generally align in the 
same direction, exhibiting a pronounced “inverted U-shape” character
istics, but the lag effects are not significant.

The effects of climate change on FAY do not show statistically sig
nificant spatial heterogeneity across northern and southern provinces. 
Overall, the effects of temperature on FAY in both northern and southern 
provinces tend to converge towards an “inverted U-shape” pattern. 
However, the effects of precipitation on FAY differ between the two 
regions, with the “inverted U-shape” and “U-shape” patterns in southern 
and northern provinces, respectively.

The findings of this study offer some implications of mitigating the 
impact of climate change on China's FAY to promote high-quality 
development of China's freshwater aquaculture industry. To address 
the impact of global warming on FAY in China, it is significant to break 
through heat resistance and aquaculture technology of existing fresh
water aquaculture fish species and improve the adaptability of fresh
water seedlings' growth and wideness of aquaculture. Meanwhile, it is 
important to further strengthen the enhancing effect of temperature on 
the freshwater aquaculture industry and weaken its inhibiting effect in 
different coastal and inland provinces.

Moreover, the findings of this study also offer some insights for 
policymakers to make effective decisions on dealing with the impacts of 
precipitation. For example, it is suggested to coordinate financial funds 
to support freshwater aquaculture based on current distribution char
acteristics of the decreasing precipitation from the southeast coast to the 
northwest inland. Meanwhile, it is necessary to improve and innovate 
the approach of freshwater aquaculture, especially for certain inland 
provinces with low rainfall and drought. Finally, given the lag effect of 
climate change on FAY in China, it is proposed to initiate financial in
vestments based on local aquaculture industry associations or coopera
tive organizations. This involves broadly incorporating freshwater 
aquaculture enterprises, individual farmers, aquatic product processing 
companies and other operational stakeholders, which can negotiate the 
allocation of a small portion of annual operational profits to establish a 
local freshwater aquaculture risk fund. The fund would be aimed at 
compensating for economic losses sustained by local aquaculture en
tities due to worsening climate conditions. It is also encouraged to 
prompt agricultural insurance institutions to introduce climate insur
ance products for freshwater aquaculture. This would enhance the 
disaster resilience of a broad range of freshwater aquaculture entities 
against catastrophic climate changes.

The present study has limitations that offer opportunities for future 
research. Since our study only focuses on the impact of climate change 
on 15 major freshwater aquaculture production provinces, the findings 
may restrict the ability to present unbiased entity and get broader 
generalizations from the results. With improvements in the statistical 
database of Chinese freshwater aquaculture, further research should use 
complete provincial panel data to reveal the impact of climate change on 
China's freshwater aquaculture production comprehensively.
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