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To examine the quality of synergy and potential mismatch risks between production and 
recreational functions during the multifunctional transformation of freshwater fisheries, 
this study constructs a composite index of recreational fisheries development using panel 
data from 29 Chinese provinces from 2008 to 2023. Freshwater aquaculture efficiency is 
measured using a benevolent cross-efficiency model incorporating both desirable and 
undesirable outputs. An integrated adaptation model is then employed to capture the 
spatiotemporal differentiation of the adaptation relationship between the two systems, 
while Random Forest and SHAP methods are applied to identify nonlinear effects and 
threshold characteristics of key drivers. The results indicate that: (1) both recreational 
fisheries development and aquaculture efficiency increased steadily over the study 
period, whereas the composite adaptation index remained at low-to-medium levels with 
limited stage-wise improvement, suggesting that efficiency gains have not been 
effectively translated into recreational advantages; (2) the adaptation pattern exhibits 
pronounced regional differentiation and path dependence, characterized by persistently 
higher levels in central China, gradual improvement in eastern China, increasing 
polarization in western China, and consistently low and weakening adaptation in 
northeastern China; and (3) the driving mechanisms are markedly nonlinear, with water 
environmental pressure and tourism reception intensity acting as key constraints. 
Specifically, water quality pressure exhibits an inverted U-shaped effect with clear 
thresholds, whereas tourism intensity exerts a sustained inhibitory effect. This study 
provides empirical evidence for incorporating adaptation relationships into fisheries 
transformation assessments and for region-specific optimization of industrial structure 
and spatial allocation. 

INTRODUCTION 

Against the backdrop of fisheries multifunctionalization 
and upgrading consumption structures, freshwater fisheries 
are gradually evolving from a single production-oriented 
system centered on aquatic product supply1 into a com
posite system integrating production, ecological, and recre
ational service functions.2 Through technological progress 
and factor intensification, freshwater aquaculture has con
tinuously improved production efficiency and constitutes a 
fundamental pillar for ensuring the stable supply of aquatic 
products and fisheries security.3 Meanwhile, recreational 
fisheries, developed on aquaculture waters, fisheries cul
ture, and ecological landscapes, have emerged as an impor

tant pathway for promoting fisheries transformation and 
upgrading, expanding fishers’ livelihoods, and fostering re
gional economic diversification.4 At the global scale, this 
multifunctional transition is also regarded as a critical lever 
for the coordinated advancement of key goals in the United 
Nations 2030 Agenda for Sustainable Development, includ
ing food security (SDG 2), decent work and economic 
growth (SDG 8), and the conservation and sustainable use 
of aquatic ecosystems (SDG 14). 

However, within the same freshwater waters and spatial 
units, the coexistence of production and recreational func
tions implies that improvements in freshwater aquaculture 
efficiency do not necessarily translate into synergies with 
recreational fisheries. High-intensity development may 
amplify system mismatch risks through spatial crowding, 
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ecological disturbance, and land- and water-use conflicts.5 

Consequently, achieving the relevant sustainable develop
ment objectives hinges not on the rapid expansion of a sin
gle function, but rather on the appropriate adaptation and 
co-evolution among different functional systems. 

A substantial body of research has examined the de
velopment of recreational fisheries and the efficiency of 
freshwater aquaculture. On the one hand, studies on recre
ational fisheries have primarily focused on industrial scale,6 

functional structure,7 spatial distribution,8 and their im
pacts on regional economies and ecosystems,9 highlighting 
the role of recreational fisheries in fisheries multifunctional 
transformation,10 the diversification of fishers’ liveli
hoods,11 and the integration of fisheries with tourism and 
leisure activities.12 On the other hand, research on fresh
water aquaculture efficiency has emphasized technological 
progress13 and the measurement of production efficiency 
under constraints related to factor allocation and environ
mental regulation,3 with particular attention to the perfor
mance of aquaculture systems in ensuring supply security 
and improving resource-use efficiency.14 

Despite these contributions, previous studies have 
largely examined recreational fisheries development and 
freshwater aquaculture efficiency as two separate subsys
tems. A comprehensive analysis of their synergistic rela
tionship remains limited, especially one that integrates a 
multi-dimensional Adaptation framework with explainable 
machine learning to capture dynamic evolution, regional 
differentiation, and nonlinear driving mechanisms. This 
gap constrains a systematic understanding of the evolu
tionary dynamics of multifunctional freshwater fisheries 
systems. 

Accordingly, using provincial-level data from China for 
2008–2023, this study constructs a composite index of 
recreational fisheries development and evaluates freshwa
ter aquaculture efficiency within a unified analytical frame
work. It then employs a multi-dimensional Adaptation 
model to characterize the temporal evolution and spatial 
differentiation of the relationship between the two sys
tems. In addition, by incorporating Random Forest and 
SHAP methods, the study identifies key driving factors and 
reveals their nonlinear effects and threshold characteris
tics. In doing so, this study extends existing research from 
separate subsystem assessments to an integrated analysis 
of multifunctional synergy and provides empirical evidence 
for promoting high-quality fisheries development. 

MATERIALS AND METHODS 

DEVELOPMENT OF THE EVALUATION INDICATOR 
SYSTEM 

INDICATOR SYSTEM FOR ASSESSING RECREATIONAL 
FISHERIES DEVELOPMENT 

As a composite industry integrating fisheries production, 
cultural experiences, and recreational consumption, the de
velopment level of recreational fisheries depends not only 
on industrial scale but is also jointly influenced by multiple 

dimensions, including market structure, efficiency of factor 
inputs, resource and environmental endowments, and in
frastructure conditions.15 Accordingly, an evaluation indi
cator system for recreational fisheries development is con
structed from the following aspects. 

First, the economic scale and market competitiveness of 
recreational fisheries are used to reflect the industry’s rela
tive position within the regional fisheries economy and its 
contribution to the national market. The former captures 
the absolute scale of development, while the latter empha
sizes market share; together, they measure industrial scale 
and outward-oriented competitiveness.15 

Second, recreational fisheries labor scale and labor input 
intensity are used to characterize employment absorption 
capacity and labor input characteristics from the perspec
tives of factor scale and labor occupancy per unit of out
put.16 Specifically, recreational fisheries labor scale is es
timated by allocating total fisheries employment according 
to the share of recreational fisheries output in total fish
eries output, thereby reflecting the equivalent labor scale 
associated with recreational fisheries. Meanwhile, labor in
put intensity of recreational fisheries is measured as the 
number of recreational fisheries employees per unit of 
recreational fisheries output. 

In addition, the industrial status of recreational fisheries 
is evaluated with reference to the tertiary sector, measuring 
its functional positioning and contribution within the re
gional service-industry structure and highlighting its role 
in industrial structure upgrading.17 

In the context of industrial dynamics, the annual output 
value change coefficient for recreational fisheries is used to 
assess the magnitude of output fluctuations. By comparing 
year-to-year changes in output value, this indicator reflects 
growth stability and risk resilience; larger fluctuations in
dicate weaker industrial resilience, making it a necessary 
complement for evaluating the industry’s healthy develop
ment.18 Regarding resource and environmental conditions, 
the area of waters suitable for recreational fisheries di
rectly represents regional endowments of water resources 
available for recreational activities and constitutes the nat
ural foundation constraining the industry’s potential scale 
and long-term sustainability.19 Finally, recreational fish
eries accessibility is measured by the ratio of highway 
mileage to provincial land area, which captures intra-re
gional transportation convenience. Improved accessibility 
helps attract visitors and reduce transaction costs, thereby 
enhancing market demand and service capacity for recre
ational fisheries.20 The specific indicators are presented in 
Table 1 . 

INDICATOR SYSTEM FOR EVALUATING FRESHWATER 
AQUACULTURE SYSTEM EFFICIENCY 

The study adheres to the core concept of total factor pro
ductivity by conceptualizing efficiency as the overall trans
formation performance arising from the joint effects of 
multiple inputs and multiple outputs, including both desir
able and undesirable outputs.21 Rather than focusing solely 
on the economic optimality of resource allocation, this ap
proach emphasizes coordination between production activ
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Table 1. Indicator System for Evaluating Recreational Fisheries Development Level         

Indicator Calculation Formula Unit 
(Attribute) 

Weight 

Recreational fisheries economic 
scale 

Recreational fisheries output value / Total fisheries economic 
output value 

10,000 yuan 
(+) 

0.12699 

Recreational fisheries market 
competitiveness 

Provincial recreational fisheries output value / Total 
recreational fisheries output value 

% (+) 0.23708 

Recreational fisheries labor scale (Recreational fisheries output value / Total fisheries economic 
output value) × Number of fisheries employees 

Persons (+) 0.09477 

Labor input intensity of recreational 
fisheries 

Number of recreational fisheries employees / Recreational 
fisheries output value 

Persons / 
10,000 yuan 
(+) 

0.20594 

Industrial status of recreational 
fisheries 

Recreational fisheries output value / Value added of the tertiary 
sector 

(+) 0.17284 

Annual output value change 
coefficient of recreational fisheries 

(Output value in year t − Output value in year t−1) / Output 
value in year t−1 

Negative 0.11851 

Waters suitable for recreational 
fisheries 

Pond aquaculture area + lake aquaculture area + reservoir 
aquaculture area 

Hectares (+) 0.04322 

Accessibility of recreational 
fisheries 

Highway mileage / Provincial land area km / km2 (+) 0.00065 

ities and the ecological environment, thereby providing a 
robust theoretical framework for the objective and compre
hensive assessment of the efficiency of freshwater aquacul
ture systems. 

On the input side, the indicator system incorporates five 
key production factors, namely cultured area, labor, inter
mediate inputs, seed (fingerlings), and energy, in order to 
comprehensively capture all critical inputs involved in the 
production process, including natural resources, human la
bor, material inputs, and capital. This approach establishes 
a holistic accounting of resource costs for efficiency evalua
tion.22 On the output side, both economic output and food 
output are included as desirable outputs. This not only re
flects the direct economic benefits of freshwater aquacul
ture but also situates the system within the broader con
text of aquatic product supply and national food security, 
highlighting its dual economic and social functions. In ad
dition, non-point source pollutants generated by aquacul
ture activities—such as total nitrogen, total phosphorus, 
and chemical oxygen demand—as well as carbon emissions 
are integrated as undesirable outputs.23 From a theoretical 
perspective, this framework internalizes the environmental 
externalities associated with production activities, enabling 
efficiency assessment to more accurately reflect the net 
productive performance of the system under resource and 
environmental constraints. Further details are provided in 
Table 2 . 

RESEARCH METHODS 

ADAPTATION INDEX MODEL 

To comprehensively characterize the level of recreational 
fisheries development, this study employs a composite in
dex model that integrates multidimensional indicators via 
weighted aggregation. Under a multi-indicator framework, 
this model transforms indicators with different units and 
attributes into a comparable composite score, thereby re

flecting each province’s overall performance across mul
tiple dimensions.24 Specifically, all positive and negative 
indicators are first normalized using a unified interval stan
dardization approach to eliminate dimensional differences 
and ensure consistent indicator directionality. Indicator 
weights are then determined using the entropy weighting 
method. Finally, the normalized indicator values are multi
plied by their corresponding weights and summed to obtain 
the composite index. The basic formulation of the model is 
presented as follows: 

In Equation (1), CIi denotes the composite index of region 
i, wj represents the weight of indicator j, and zij is the stan
dardized value of region i for indicator j. 

BENEVOLENT CROSS-EFFICIENCY MODEL 

When estimating the efficiency of freshwater aquaculture 
systems, this study departs from the self-evaluation models 
commonly used in traditional Data Envelopment Analysis 
(DEA), such as the SBM model, which may lead to weight 
distortion and insufficient discriminatory power. Instead, 
the benevolent cross-efficiency model is adopted. This 
methodological choice is motivated by two main consid
erations. First, the benevolent cross-efficiency model es
tablishes a more objective efficiency evaluation framework 
through a peer-evaluation mechanism, thereby mitigating 
the problem of extreme weights chosen by decision-making 
units (DMUs) to maximize their own efficiency scores. Sec
ond, the secondary optimization strategy embedded in this 
model is consistent with the principle of mutual benefit, as 
it allows the identification of improvement potential and 
relative advantages of each DMU, rather than merely pro
viding a ranking of decision-making units. Relevant studies 
can be found in the literature,25 and the specific formula
tion is presented as follows: 
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Table 2. Efficiency measurement framework of the freshwater aquaculture system         

Category Indicator Calculation Formula 

Inputs Aquaculture Area Freshwater aquaculture area (hectares) 

Labor Input Number of freshwater aquaculture practitioners (persons) 

Intermediate 
Consumption 

Intermediate consumption in fisheries × (Freshwater aquaculture output value / Total 
fishery output value) (10,000 CNY) 

Seed Input Quantity of fish fry stocked (100 million fry) 

Energy Input Total engine power of aquaculture vessels (kW) 

Desirable 
Outputs 

Economic Output Output value of freshwater aquaculture (10,000 CNY) 

Food Output Output of freshwater products (tons) 

Undesirable 
Outputs 

Pollutant 
Discharge 

Total nitrogen discharge + total phosphorus discharge + COD discharge from freshwater 
aquaculture (10^4^ tons) 

Carbon Emissions Carbon emissions from freshwater aquaculture (10^4^ tons) 

In the formulas, n denotes the number of decision-making 
units (DMUs);  represents the average cross-efficiency 
value of DMU j;  denotes the maximum cross-effi
ciency of DMU k relative to DMU j;  is the self-evaluation 
efficiency score of DMU k. Variables ,  and  repre
sent, respectively, the i-th input, the r-th desirable output, 
and the f-th undesirable output of DMU j or DMU k. Cor
respondingly,  and  denote the weights assigned by 
DMU k to its i-th input and r-th desirable output.  and 

 denote, respectively, the value and the weight of the r-
th desirable output of DMU k. Similarly,  and  repre
sent the value and weight of the f-th undesirable output for 
DMU k. 

COMPOSITE ADAPTATION MODEL 

Adaptation emphasizes the coherence and coordination of 
different systems during development and is commonly 
used to reveal the synergies and regulatory relationships 
that emerge from interactions among multiple actors. It 
has been widely applied in studies on structural optimiza
tion, supply–demand coordination, and resource alloca
tion.26 On this basis, this study constructs a composite 
Adaptation model from three dimensions, namely adapt
ability, matching, and Adaptation, to characterize the in
teractive relationship between recreational fisheries devel
opment and freshwater aquaculture efficiency. 

Specifically, adaptability reflects a system’s capacity to 
achieve coordinated development through internal adjust
ment under mutual interactions. It is commonly measured 
using the coupling coordination degree model to capture 
the linkage intensity and synergistic trends between the 
two systems.27 Matching focuses on the consistency of sys
tems in terms of relative levels or ranking structures and is 
used to assess whether their development trajectories are 
synchronized.28 In contrast to adaptability, which empha
sizes interaction intensity, matching reveals structural de

viations or synchronicity between systems through differ
ences in their ordered sequences. Accordingly, a sequence 
matching degree model is introduced to quantify the prox
imity of the two systems in terms of their ranking relation
ships. 

Finally, Adaptation serves as an integrated expression 
of these two types of information. By weighting and ag
gregating the adaptability index and the matching index, 
a composite Adaptation index is constructed to simultane
ously reflect both the quality of system synergy and struc
tural consistency. This approach enables a more compre
hensive depiction of the coordinated state and evolutionary 
dynamics of recreational fisheries development and fresh
water aquaculture efficiency across temporal and spatial di
mensions. 

(1) The calculation formula of the adaptability evalua
tion model is given as follows: 

In the above equation, x and 𝑦 represent the level of recre
ational fisheries development and freshwater aquaculture 
efficiency, respectively; 𝐷 denotes the coupling coordina
tion degree; 𝐶 is the coupling degree; and 𝑇 refers to the 
comprehensive evaluation index. Following related studies, 
the weights are set to a=0.6 and b=0.4, giving slightly 
greater importance to adaptability because coordinated in
teraction constitutes the primary basis of the Adaptation 
relationship, while matching serves as a supplementary as
sessment of structural consistency.29,30 The adaptability 
index ranges from 0 to 1, with higher values indicating a 
higher level of adaptability. 

(2) The calculation formula of the matching evaluation 
model is given as follows: 

In the equation, Mj denotes the matching degree in year j; 
xj, yj and represent the rankings of the 𝑥-value series and 
the 𝑦-value series in ascending order, respectively; and 𝑈 is 
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the number of provinces. When xj=yj, Mj=1, indicating per
fect matching between the two systems. The closer Mj is to 
1, the higher the level of matching, whereas values closer 
to 0 indicate poorer matching. 

(3) The calculation formula of the composite Adaptation 
model is given as follows: 

In the equation, Ai denotes the Adaptation degree in year 
i, while a and b represent the weights assigned to adapt
ability and matching, respectively. Following related stud
ies, the weights are set to a=0.6 and b=0.4.29 Based on 
the classification framework of Adaptation levels proposed 
by He et al.,31 this study retains the original hierarchical 
structure while recalibrating the threshold values in a data-
driven manner according to the empirical distribution of 
Adaptation values in the present study, where the mean is 
0.29, the 75th percentile is only 0.365, and the maximum 
value is 0.449. Accordingly, the Adaptation levels are clas
sified as follows: High adaptation level (A≥0.40); Moderate 
adaptation level (0.36≤A<0.40); Basic adaptation level 
(0.30≤A<0.36); Sub-optimal adaptation level (0.20≤A<0.30); 
and Poor adaptation level (A<0.20). 

RANDOM FOREST MODEL 

This study employs the Random Forest machine learning 
approach to investigate the Adaptation mechanisms be
tween the level of recreational fisheries development and 
freshwater aquaculture efficiency in China. The selection of 
this method is motivated by three main advantages. First, 
Random Forest is capable of effectively capturing complex 
nonlinear relationships between explanatory variables and 
the Adaptation index, thereby avoiding the restrictive as
sumptions inherent in traditional linear models.32 Second, 
its ensemble learning framework offers high predictive ac
curacy and robustness, reducing the risk of overfitting and 
making it well suited for heterogeneity analysis in panel 
data settings.33 Third, the model provides strong inter
pretability, as the contributions and directional effects of 
driving factors can be quantified through feature impor
tance rankings and SHAP value decomposition.34 

Specifically, this study constructs a Random Forest re
gression model incorporating 10 explanatory variables 
spanning multiple dimensions, including climate condi
tions, environmental factors, aquaculture structure, eco
nomic development, and tourism characteristics. A grid 
search procedure is first applied to the national sample to 
identify the optimal model parameters, after which SHAP 
values are calculated to characterize the marginal effects of 
each variable and their nonlinear response patterns. Sub
sequently, to explore regional heterogeneity, the sample is 
divided into four major regions—eastern, central, western, 
and northeastern China—and region-specific sub-models 
are estimated to compare differences in the effects of key 
driving factors. Finally, robustness checks are conducted 
using simplified Random Forest specifications and LASSO 
regression as benchmark models to ensure the reliability of 
the results. The findings are visualized and quantitatively 
reported through feature effect curves, regional compari

son plots, and model performance metrics, thereby provid
ing empirical evidence for understanding the Adaptation 
mechanisms between recreational fisheries development 
and freshwater aquaculture efficiency. 

DATA SOURCES 

To examine the long-term evolution of the Adaptation re
lationship between recreational fisheries development and 
freshwater aquaculture efficiency in China, this study con
structs a provincial-level panel dataset covering the period 
from 2008 to 2023. The sample includes 29 provinces (au
tonomous regions and municipalities), excluding Qinghai 
Province, the Tibet Autonomous Region, Taiwan Province, 
and the Hong Kong and Macao Special Administrative Re
gions due to severe data unavailability. 

Core fisheries statistics and recreational fisheries data 
are obtained from the China Fishery Statistical Yearbook. 
Data on water use, gross domestic product, transportation 
infrastructure, environmental regulation, and tourism con
sumption are sourced from the China Statistical Yearbook, 
the China Tourism Statistical Yearbook, and the China Cul
ture, Cultural Relics and Tourism Statistical Yearbook. Pol
lutant discharge coefficients for different freshwater aqua
culture species are derived from the Handbook of Pollutant 
Generation and Discharge Coefficients for the Aquaculture 
Industry compiled under the First National Pollution 
Source Census. All monetary variables are deflated to con
stant prices using 2007 as the base year to eliminate the ef
fects of inflation. A small number of missing observations 
are addressed using linear interpolation to ensure data con
tinuity and consistency across provinces and years. 

RESULTS 

TEMPORAL EVOLUTION OF THE ADAPTATION LEVEL 
BETWEEN RECREATIONAL FISHERIES DEVELOPMENT 
AND FRESHWATER AQUACULTURE EFFICIENCY 

TEMPORAL EVOLUTION CHARACTERISTICS 

As shown in Figure 1  the following findings can be ob
served. (1) Subsystem levels exhibit a steady upward trend, 
with more pronounced efficiency gains. In terms of annual 
averages, the level of recreational fisheries development in
creased from 0.25 in 2008 to approximately 0.31 in 2023, 
representing a rise of about 25%. Over the same period, 
freshwater aquaculture efficiency increased from 0.24 to 
around 0.34, an increase of more than 40%. Moreover, since 
2015, freshwater aquaculture efficiency has consistently ex
ceeded that of recreational fisheries development, with the 
gap reaching about 0.03 in 2015 and stabilizing at 
0.02–0.07 after 2020. This pattern is reflected in the figure 
by an overall upward shift of the median values over time. 
In particular, the boxplots and violin contours of freshwater 
aquaculture efficiency show a more pronounced upward 
movement. After 2018, the upper tails of the distribution 
gradually extend, and an extreme high value emerges in 
2022, indicating substantial efficiency improvements in 
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certain regions driven by increased technological inputs 
and more intensive production practices. 

(2) The Adaptation index fluctuates at a low level, with 
little change in stage-wise averages. In contrast to the con
tinuous growth of the two subsystems, the annual mean 
of the Adaptation index fluctuates within a relatively nar
row range of 0.27–0.31. Specifically, it stands at 0.274 in 
2008, reaches stage-specific peaks of 0.310 in 2010 and 
0.307 in 2023, but falls back to around 0.28–0.30 in most 
years between 2012 and 2021. According to the Adaptation 
classification criteria, only 2010 and 2023 marginally enter 
the basic adaptation level, while the remaining years are 
predominantly characterized by a sub-optimal adaptation 
level. From a stage-wise perspective, the average Adapta
tion index remains close to 0.29 across the three periods 
of 2008–2012, 2013–2017, and 2018–2023, showing almost 
no upward shift. This indicates that although both recre
ational fisheries development and freshwater aquaculture 
efficiency have improved over time, the matching relation
ship between the two systems has not been enhanced syn
chronously, and the release of synergistic effects remains 
limited. 

Overall, during the period from 2008 to 2023, recre
ational fisheries development and freshwater aquaculture 
efficiency in China have entered a phase of steady improve
ment. However, the Adaptation index has persistently hov
ered around the threshold of basic adaptation, suggesting 
the continued presence of mismatches in efficiency, de
mand, and spatial configuration along the industry chain. 
On the one hand, recreational fisheries have expanded 
rapidly under policy support and consumption upgrading. 
On the other hand, efficiency gains in freshwater aquacul
ture are mainly reflected in output growth and resource-
use optimization, while effective transmission channels to 
recreational fisheries remain underdeveloped. Further im
provements in the Adaptation level require the optimiza
tion of linkage mechanisms between freshwater aquacul
ture and recreational fisheries, the enhancement of 
supporting infrastructure for recreational fisheries, and 
closer alignment between aquaculture regions and tourism 
markets as well as urban consumer catchments, so as to 
narrow the gap between high efficiency and low Adaptation 
across regions and provinces. 

DYNAMIC EVOLUTION CHARACTERISTICS 

Based on kernel density estimation, the dynamic evolution 
of the Adaptation level between recreational fisheries de
velopment and freshwater aquaculture efficiency in China 
is examined. As shown in Figure 2 , during the period 
2008–2023, the Adaptation index exhibits a set of salient 
dynamic characteristics, including a generally low-to-
medium level, a relatively stable central tendency, a fluc
tuating rightward shift, and increasing regional differenti
ation without the emergence of pronounced polarization. 
At both the national and regional levels, kernel density 
peaks remain concentrated around the threshold of basic 
adaptation. The eastern region shows a mild tendency to
ward higher values, the central region closely follows the 
national pattern, while the western and northeastern re

gions persistently remain in low Adaptation intervals, with 
no substantial increase in the share of highly adapted 
provinces. 

(1) National level: stable peak with limited rightward 
shift and overall low Adaptation. At the national scale, the 
main peak consistently lies within the range of 0.20–0.35, 
displaying only a slight rightward movement and gradual 
flattening over time. In terms of distribution shape and 
spread, the kernel density curve evolves from a narrow, 
sharp unimodal distribution to a broader, flatter unimodal 
distribution. The high-value tail extends marginally toward 
0.40, while the low-value tail remains below 0.20 through
out the study period. This pattern suggests a widening of 
internal disparities in Adaptation levels nationwide, but 
without the formation of a clear bimodal or polarized struc
ture. Instead, the changes mainly reflect redistribution 
within the low- to medium-Adaptation range. 

(2) Eastern region: relatively high Adaptation with no
table potential for improvement. The Adaptation index in 
the eastern region is generally higher, with strong potential 
for high Adaptation. Its kernel density peak is mainly con
centrated in the interval of 0.28–0.36 and approaches 0.40 
in some years. Over time, the peak gradually shifts right
ward, accompanied by a pronounced extension of the right 
tail, indicating that a small number of provinces are moving 
toward higher Adaptation levels. The distribution is pre
dominantly right-skewed and unimodal, with occasional 
shoulder peaks in certain years, reflecting a layered struc
ture in which moderately and relatively highly adapted 
provinces coexist. Overall, the eastern region has taken 
the lead in aligning recreational fisheries development with 
freshwater aquaculture efficiency, although a stable and 
large-scale agglomeration of high Adaptation has yet to 
emerge. 

(3) Central region: concentrated distribution and close 
alignment with the national trend. The kernel density evo
lution of the Adaptation index in the central region closely 
mirrors the national pattern, while exhibiting a more con
centrated distribution. Compared with the national level, 
horizontal dispersion is lower and high-density areas are 
more compact, indicating that interprovincial differences in 
Adaptation remain relatively manageable. The distribution 
is mainly unimodal, with weaker tail extension than in the 
eastern region and an absence of a pronounced high-value 
tail. This suggests that no clear leading provinces with high 
Adaptation have yet formed. Such a pattern may be attrib
uted to constraints related to consumer markets, transport 
accessibility, and branding in recreational fisheries, as well 
as the fact that efficiency gains in freshwater aquaculture 
have not been fully integrated into culture–tourism conver
gence. 

(4) Western region: left-skewed distribution dominated 
by low Adaptation. The Adaptation index distribution in the 
western region is distinctly left-skewed, with a high pro
portion of low-Adaptation provinces. Kernel density mass 
is concentrated in the low-value range, and the left tail 
is markedly extended, indicating that most provinces have 
long remained in sub-optimal or poor Adaptation states. 
In some years, weak bimodal or shoulder features appear 
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Figure 1. Annual distribution characteristics of recreational fisheries development level, freshwater aquaculture           
efficiency, and the Adaptation index, 2008–2023       

around 0.20 and 0.30, suggesting that while a few provinces 
have experienced improvements in Adaptation, the region 
as a whole continues to lag behind, exhibiting weak polar
ization. This pattern is closely associated with weak fresh
water aquaculture foundations, limited market reach for 
recreational fisheries, and inadequate transport and sup
porting services, which hinder the simultaneous realization 
of high efficiency and high Adaptation. 

(5) Northeastern region: large fluctuations and the most 
delayed improvement. The northeastern region shows large 
fluctuations and relatively low peak values in the Adapta
tion index, with the slowest rate of improvement among all 
regions. The main kernel density peak is mostly concen
trated between 0.20 and 0.28 and varies substantially across 
years. In some periods, density clusters around 0.20, in
dicating a persistently low and unstable Adaptation level. 
The high-value tail is short and shows little tendency to ex
tend beyond 0.35, while the low-value tail rises noticeably 
in certain years, implying a high share of low or extremely 
low Adaptation provinces. Constrained by population out
flow, weak consumer demand, and rigid aquaculture struc
tures, the northeastern region faces significant bottlenecks 
in translating freshwater aquaculture efficiency gains into 
drivers of recreational fisheries development. 

SPATIAL DIFFERENTIATION OF THE ADAPTATION LEVEL 
BETWEEN RECREATIONAL FISHERIES DEVELOPMENT 
AND FRESHWATER AQUACULTURE EFFICIENCY 

As shown in Figure 3 , during the period 2008–2023, the 
Adaptation level between recreational fisheries develop
ment and freshwater aquaculture efficiency in China is gen
erally at a moderate level, with pronounced regional dispar
ities. A spatial pattern characterized by “persistently high 
Adaptation in the central region, moderate Adaptation in 

the western region, an evolution from low to medium–high 
Adaptation in the eastern region, and overall low and weak
ening Adaptation in the northeastern region” can be ob
served. High-Adaptation types are mainly concentrated in 
the middle and lower reaches of the Yangtze River and in 
parts of the inland western region, whereas low-Adaptation 
and mismatched types are relatively clustered in the Bo
hai Rim, the northeastern region, and parts of southwest
ern China. Specifically: 

(1) Eastern region: transition from low to medium–high 
Adaptation. During 2008–2012, the average Adaptation in
dex in the eastern region was only about 0.25, the lowest 
among the four regions. With coordinated advances in 
recreational fisheries expansion and improvements in 
aquaculture efficiency, the regional average increased to 
approximately 0.303 in 2019–2023, approaching levels ob
served in the central and western regions. Along the Bei
jing–Shanghai corridor and in the Yangtze River Delta, ar
eas initially characterized by low Adaptation gradually 
shifted to green tones on the map, indicating a marked 
increase in medium–high Adaptation types. This suggests 
that under the combined effects of fisheries upgrading and 
culture–tourism integration, structural mismatches be
tween recreational fisheries development and freshwater 
aquaculture efficiency in the eastern region have been pro
gressively alleviated. 

(2) Central region: persistently high Adaptation. In 
2008–2012, the central region exhibited an average Adapta
tion index of about 0.35, the highest nationwide. Although 
this value slightly declined to around 0.324 in 2019–2023, 
the region has maintained its leading position. Provinces 
such as Henan, Anhui, Hubei, and Jiangxi recorded Adap
tation values mostly between 0.34 and 0.44 in 2008, and 
Anhui, Hubei, and Jiangxi re-entered the national top tier 
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Figure 2. Kernel density evolution of the Adaptation index between recreational fisheries development and             
freshwater aquaculture efficiency, 2008–2023     

after 2019. Figure 3 shows that central provinces are pre
dominantly represented by blue and green colors, forming a 
contiguous belt of high or relatively high Adaptation. This 
pattern reflects a solid freshwater aquaculture foundation 
in the region, which enables recreational fisheries develop
ment to effectively absorb and transform efficiency gains. 

(3) Western region: moderate overall Adaptation with 
pronounced internal disparities. The western region 
recorded an average Adaptation index of approximately 
0.30 in 2008–2012, followed by a slight decline to around 
0.292 in the later period, indicating minor fluctuations. On 
the map, provinces and municipalities such as Sichuan, 
Chongqing, and Xinjiang consistently display green or 
light-yellow colors, forming a high-Adaptation core within 
the western region. In contrast, Yunnan, Guizhou, and parts 
of northwestern China show a marked deterioration in 
Adaptation levels. For instance, Yunnan declined from 
0.377 to 0.158, Guizhou from 0.346 to 0.138, and Ningxia 
from 0.399 to 0.229. These changes reveal insufficient co
ordination among resource expansion, efficiency improve
ment, and recreational fisheries development. 

(4) Northeastern region: generally low and declining 
Adaptation. During 2008–2012, the average Adaptation in
dex in the northeastern region was about 0.278, close to the 
national average. However, it subsequently weakened con
tinuously, dropping to approximately 0.242 in 2019–2023, 
making it the only region among the four to exhibit a clear 
downward trend. Liaoning declined from 0.295 to 0.167, 
Heilongjiang from about 0.29 to 0.246, while Jilin remained 
around 0.25 for an extended period. Correspondingly, the 
northeastern region is predominantly characterized by or
ange tones indicating sub-optimal Adaptation in Figure 3 . 
This reflects the combined effects of tightening resource 

and environmental constraints, population outflow, and in
sufficient recreational market demand, under which recre
ational fisheries development has failed to effectively ab
sorb improvements in freshwater aquaculture efficiency, 
resulting in a lagging Adaptation relationship. 

SPATIOTEMPORAL INTERACTION CHARACTERISTICS OF 
THE ADAPTATION LEVEL BETWEEN RECREATIONAL 
FISHERIES DEVELOPMENT AND FRESHWATER 
AQUACULTURE EFFICIENCY 

RELATIVE LENGTH AND CURVATURE OF THE LISA TIME 
PATH 

As indicated in Table 3 , during the study period, the Adap
tation relationship between recreational fisheries develop
ment and freshwater aquaculture efficiency in China ex
hibits moderate overall adjustment, limited net 
displacement, relative path lengths mostly slightly above 
1, and pronounced regional heterogeneity in path curva
ture. The Beijing–Tianjin–Hebei region, the middle reaches 
of the Yangtze River, and parts of southwestern and north
western China simultaneously display high values of total 
path length, straight-line distance, relative length, and cur
vature, indicating the most intense spatiotemporal fluctua
tions and structural adjustments in Adaptation. In contrast, 
several southeastern coastal, northeastern, and southwest
ern provinces show consistently low values across these in
dicators, suggesting strong local spatial lock-in effects and 
evolutionary inertia in their Adaptation relationships. 

In terms of total path length and straight-line distance, 
provincial total path lengths range from 5.31 to 15.19, with 
a mean of approximately 9.14, while straight-line distances 
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Figure 3. Spatial distribution of Adaptation types between recreational fisheries development and freshwater            
aquaculture efficiency, 2008–2023    

vary between 0.08 and 3.13, with an average of about 1.33. 
This indicates that although most provinces experience 
shifts in spatial position, their overall net displacement re
mains limited, and no fundamental restructuring of the 
Adaptation pattern has occurred. Provinces such as Hebei, 
Guangxi, Tianjin, and Yunnan are characterized by both 
long paths and large displacements, implying trend-ori
ented adjustments in Adaptation from low to high or from 
high to medium levels, which are consistent with the ex
pansion of recreational fisheries and the optimization of 
aquaculture structures. By contrast, Shanxi, Inner Mongo
lia, and Shaanxi exhibit relatively long paths but minimal 
straight-line displacement, reflecting oscillatory evolution 
with frequent deviations but without sustained improve
ment. Provinces such as Jilin, Jiangxi, and Fujian record low 
values for both indicators, suggesting high spatial stabil
ity and limited changes in Adaptation, indicative of strong 
path dependence. 

Regarding relative length, the national average is close 
to 1, indicating that the temporal paths of Adaptation gen
erally lie between straight-line translation and circuitous 
adjustment, though interprovincial differences are substan
tial. Provinces including Hebei, Hubei, Guangxi, and Shang
hai show relative lengths significantly greater than 1, sug
gesting frequent switching among local spatial regimes and 
typifying highly deviated paths. This pattern aligns with 
rapid expansion of recreational fisheries, tightening en
vironmental constraints, and concurrent adjustments in 
aquaculture structures. In contrast, provinces such as Jilin, 
Jiangxi, Chongqing, and Fujian display relative lengths well 
below 1, indicating smoother, more unidirectional evolu
tion with fewer reversals, and thus stronger path conver
gence and local spatial stability. 

Path curvature reflects the frequency and intensity of 
directional changes in temporal trajectories. After exclud
ing the extreme case of Shanxi, the national average cur
vature is approximately 9, whereas Shanxi exhibits an ex
ceptionally high curvature of 130.99, indicating repeated 
reversals in movement direction on the Moran scatterplot 
and frequent oscillation between different spatial polariza
tion states. Provinces such as Inner Mongolia, Shaanxi, and 
Hubei also show curvature values exceeding 20, implying 
multiple turning points during evolution and high sensitiv
ity of Adaptation patterns to policy adjustments, resource 
constraints, and changes in neighboring provinces. By con
trast, Chongqing, Guizhou, Yunnan, Xinjiang, Ningxia, and 
Gansu fall into the lowest curvature group nationwide. 
Even where total path length or straight-line distance is not 
particularly small, their movement directions remain rela
tively consistent, characterized by steady progression along 
a given trajectory rather than repeated reversals. In these 
low-curvature regions, Adaptation relationships are more 
strongly shaped by local industrial foundations and market 
conditions, with weaker interregional spillover and feed
back effects. 

SPATIOTEMPORAL TRANSITION CHARACTERISTICS 

As shown in Table 4 , the Adaptation relationship between 
recreational fisheries development and freshwater aquacul
ture efficiency is characterized by high spatial cohesion and 
low spatiotemporal transition intensity. The spatial pattern 
is predominantly locked into persistent HH and LL states, 
whereas the transitional HL and LH types exhibit greater 
instability. The transition matrix indicates that among HH 
states, 102 cases remain HH in the subsequent period, while 
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Table 3. LISA time path characteristics of the Adaptation relationship between recreational fisheries and             
freshwater aquaculture efficiency, 2008–2023     

Province Total path length Straight-line distance Relative length Curvature 

Beijing 10.4493 1.3485 1.1436 7.7489 

Tianjin 11.9451 2.6478 1.3074 4.5113 

Hebei 15.1909 3.1252 1.6626 4.8608 

Shanxi 11.0303 0.0842 1.2072 130.9945 

Inner Mongolia 9.5480 0.4184 1.0450 22.8221 

Liaoning 11.0702 1.6368 1.2116 6.7634 

Jilin 5.3064 1.1412 0.5808 4.6499 

Heilongjiang 7.2911 0.6770 0.7980 10.7703 

Shanghai 12.1002 1.6384 1.3243 7.3854 

Jiangsu 9.9063 1.0042 1.0842 9.8648 

Zhejiang 7.2904 0.9531 0.7979 7.6495 

Anhui 10.9803 0.8379 1.2018 13.1050 

Fujian 6.0998 0.6096 0.6676 10.0056 

Jiangxi 5.9544 0.4517 0.6517 13.1828 

Shandong 8.3139 0.5285 0.9099 15.7298 

Henan 10.2441 1.6228 1.1212 6.3128 

Hubei 15.0321 0.7318 1.6452 20.5421 

Hunan 6.1831 1.0323 0.6767 5.9898 

Guangdong 7.3763 1.4021 0.8073 5.2608 

Guangxi 12.6967 2.7222 1.3896 4.6642 

Hainan 8.9031 0.7034 0.9744 12.6564 

Chongqing 6.0908 2.1889 0.6666 2.7825 

Sichuan 6.5035 0.8352 0.7118 7.7864 

Guizhou 8.5547 2.3563 0.9363 3.6306 

Yunnan 10.0000 2.5277 1.0945 3.9562 

Shaanxi 8.7473 0.3546 0.9574 24.6649 

Gansu 6.5466 1.4235 0.7165 4.5988 

Ningxia 8.5951 1.9425 0.9407 4.4248 

Xinjiang 7.0189 1.5882 0.7682 4.4194 

58 LL cases continue as LL, with only a limited number 
transitioning to other types. This demonstrates strong iner
tia in both high-Adaptation and low-Adaptation units, re
sulting in a relatively stable polarized structure. In con
trast, the self-retention frequencies of HL and LH states are 
only 9 and 3, respectively, with most observations shifting 
toward either higher or lower Adaptation states. This sug
gests that these transitional types are more prone to oscil
lation between high and low Adaptation and constitute the 
most sensitive zones of spatial reconfiguration. 

In terms of transition types, Type IV transitions account 
for 72.18%, far exceeding the shares of Types I, II, and 
III. Together with the high spatiotemporal cohesion index 
(0.8253) and low spatiotemporal transition index (0.1747), 
this indicates that the Adaptation pattern is shaped mainly 
by the persistence of existing spatial structures, with only 
limited marginal adjustments. Overall, the Adaptation re
lationship between recreational fisheries development and 
freshwater aquaculture efficiency exhibits a relatively sta
ble pattern of high–low differentiation, while transitional 

areas remain the key zones for future policy intervention 
and structural optimization. 

VISUALIZATION OF SPATIOTEMPORAL INTERACTIONS 

To reveal the temporal interlinkages of provincial Adapta
tion levels, this study integrates the Adaptation indices of 
all provinces from 2008 to 2023 into a time-series matrix 
and calculates interprovincial Pearson correlation coeffi
cients to construct a correlation matrix representing co-
evolutionary relationships. Thresholds are then applied 
based on correlation strength, retaining only statistically 
meaningful associations with absolute values greater than 
0.3, among which coefficients with absolute values of 0.6 
or higher are regarded as strong correlations. Different col
ors and line widths are used to distinguish the direction 
and magnitude of these correlations. A chord diagram is 
employed to visualize interprovincial relationships, thereby 
illustrating the spatiotemporal linkage patterns of Adap
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Table 4. Spatiotemporal transition matrix of the Moran scatterplot for the Adaptation level between recreational              
fisheries and freshwater aquaculture efficiency, 2008–2023       

System 
t/
t+1 

HH LH HL LL Type Count Share 
Spatiotemporal 
cohesion index 

Spatiotemporal 
transition 
index 

Adaptation 
level 

HH 102 16 10 3 Ⅰ 45 0.1034 

0.8253 0.1747 
HL 15 67 9 9 Ⅱ 59 0.1356 

LH 15 3 87 16 Ⅲ 17 0.0391 

LL 2 11 12 58 Ⅳ 314 0.7218 

Figure 4. Interprovincial spatiotemporal correlation chord diagram of the Adaptation level between recreational            
fisheries development and freshwater aquaculture efficiency, 2008–2023        

tation between recreational fisheries development and 
freshwater aquaculture efficiency at the regional scale. 

As illustrated in Figure 4 , the interprovincial Adaptation 
levels between recreational fisheries development and 
freshwater aquaculture efficiency in China are dominated 
by positive co-movements, while negative linkages are rela
tively limited. A pronounced high-correlation synergy net
work has emerged among provinces in the eastern and cen
tral regions. In the diagram, red and green chords are 
predominant and densely connect provinces along the 
coastal areas and the Yangtze River Economic Belt, indicat
ing highly synchronous temporal fluctuations in Adapta
tion indices. This pattern highlights strong linkage effects 
driven by industrial policies, market demand, and techno
logical diffusion. 

A limited number of blue chords span across east
ern–western and northern–southern regions, reflecting in
verse movements in Adaptation levels between certain 
provinces with markedly different resource endowments. 
This suggests that improvements in Adaptation in one 
province do not necessarily lead to simultaneous improve

ments elsewhere, particularly under heterogeneous condi
tions of water resources, aquaculture practices, and recre
ational demand structures. Accordingly, greater emphasis 
should be placed on strengthening the demonstrative and 
leading roles of core regions in the eastern and central parts 
of the country. At the same time, enhanced institutional co
ordination, technical support, and market connectivity are 
needed to improve the capacity of western and resource-
disadvantaged regions to integrate into the national net
work of Adaptation enhancement, thereby reinforcing over
all synergistic effects. 

DRIVING MECHANISM ANALYSIS OF THE ADAPTATION 
LEVEL BETWEEN RECREATIONAL FISHERIES 
DEVELOPMENT AND FRESHWATER AQUACULTURE 
EFFICIENCY 

SELECTION OF DRIVING FACTOR INDICATORS 

To systematically examine the driving mechanisms under
lying the Adaptation relationship between recreational 
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fisheries development and freshwater aquaculture effi
ciency, this study focuses on three categories of factors: re
source and environmental conditions and natural endow
ments, economic and spatial support conditions, and the 
scale and structure of tourism demand. 

(1) Resource and environmental conditions and natural 
endowments constitute the fundamental constraints shap
ing the Adaptation relationship. Annual mean temperature 
represents aquatic ecological conditions and the season
ality of tourism activities and is measured using gridded 
climate data.35 Freshwater aquaculture water-withdrawal 
intensity and water quality pressure respectively reflect wa
ter resource consumption and environmental load and are 
proxied by (total agricultural water use × (fishery output 
value / total agricultural output value)) / freshwater aquatic 
product output.36 Environmental regulation captures the 
intensity of environmental governance and influences in
dustrial operation modes through emission constraints; it 
is measured as the ratio of local fiscal expenditure on en
vironmental protection to regional gross domestic prod
uct.37 The aquaculture structural index reflects structural 
upgrading and the level of facility-based production, form
ing an important foundation for promoting efficient and 
green aquaculture as well as its integration with recre
ational fisheries.38 

(2) Economic and spatial support conditions play a key 
role in shaping the Adaptation relationship. GDP per capita 
reflects regional economic strength and governance capac
ity, influencing both the quality of industrial supply and 
the level of ecological investment, and is measured as re
gional GDP divided by year-end permanent population.39 

Urbanization expands market demand through population 
agglomeration but may also intensify ecological pressure by 
encroaching on shorelines and water bodies through con
struction land expansion, thereby exerting complex effects 
on Adaptation.40 Tourism accessibility determines tourist 
inflows and the spatial distribution of activities. While im
proved accessibility can expand the recreational fisheries 
market and strengthen fishery–tourism linkages, increased 
visitor flows may also generate pressure on aquatic and 
spatial resources, resulting in both promotional and disrup
tive effects.41 

(3) Tourism demand scale and structure directly influ
ence the Adaptation relationship. Rising tourist density can 
occupy shoreline and water spaces, intensify ecological dis
turbances, and reshape the demand structure of recre
ational fisheries; this factor is measured by the ratio of 
total tourist arrivals to permanent population.42 Per capita 
tourism expenditure reflects tourists’ purchasing power 
and demand composition and can promote the upgrading of 
recreational fisheries from sightseeing-oriented activities 
toward experience-based and high-quality supply, thereby 
strengthening industrial linkages with freshwater aquacul
ture.43 

DRIVING EFFECT IDENTIFICATION AND MODEL 
ROBUSTNESS ASSESSMENT 

To ensure the adequacy of model fit and the reliability 
of subsequent mechanism identification, this study first 

conducts a systematic optimization of the Random Forest 
model. Optimal hyperparameters are determined through 
grid search combined with five-fold cross-validation, yield
ing a configuration with 500 trees, a minimum leaf size of 
one (min_samples_leaf = 1), and no predefined restriction 
on tree depth (max_depth = None). This specification en
ables the model to fully capture potential nonlinearities 
and interaction effects among driving factors, while the en
semble learning framework effectively mitigates the risk of 
overfitting associated with individual trees. 

Model performance indicates an 𝑅2 of 0.932 and an MSE 
of 0.0006 on the training set, and an 𝑅2 of 0.657 with an 
MSE of 0.0030 on an independent test set. The gap between 
training and testing 𝑅2 values remains within a reasonable 
range, with no evidence of a sharp performance decline due 
to excessive model complexity. The test set results explain 
approximately two-thirds of the total variance, demon
strating satisfactory generalization ability and structural 
stability. Under the current sample size and indicator sys
tem, the Random Forest model therefore provides an ad
equate representation of the main sources of variation in 
the Adaptation index between recreational fisheries devel
opment and freshwater aquaculture efficiency, forming a 
solid foundation for subsequent analyses of nonlinear dri
ving mechanisms. 

To further validate the robustness of the main model, 
two benchmark specifications are constructed: (1) a sim
plified Random Forest model with constrained tree depth 
and leaf size, and (2) a linear baseline model represented 
by LASSO regression. The results show that the simplified 
model achieves a test 𝑅2 of 0.641, which is highly consistent 
with that of the main model (0.657), with similarly stable 
prediction errors. This indicates that the findings are not 
sensitive to specific model settings and are not driven by 
artificial complexity. In contrast, the LASSO model exhibits 
extremely low explanatory power (𝑅2=0.05 for the training 
set and 𝑅2=−0.01for the test set), suggesting that linear 
specifications fail to capture the true relationships among 
variables. This contrast provides further support for the ne
cessity of using Random Forest models to identify nonlin
ear effects and threshold mechanisms. 

A comparison of SHAP dependence plots (Figure 5 ) re
veals a high degree of consistency between the simplified 
and main models in terms of effect directions, curve 
shapes, marginal response patterns, and threshold loca
tions for key driving factors, with substantial overlap in 
confidence intervals. These results indicate that the non
linear features of the Adaptation mechanism are inherent 
in the data itself, rather than artifacts of specific model 
complexity or tree structure choices, thereby demonstrat
ing strong structural robustness. Although the 𝑅2 values 
of individual-variable local response curves are relatively 
low, this does not undermine the robustness assessment, as 
SHAP is designed to decompose overall predictive contribu
tions rather than to evaluate the goodness of fit of single-
variable regressions. 
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Figure 5. Robustness comparison of SHAP functions between the main Random Forest model and the simplified               
model  

NONLINEAR DRIVING MECHANISMS AND THRESHOLD 
CHARACTERISTICS 

As shown in Figure 6 , the formation of the Adaptation in
dex is jointly influenced by three categories of factors: re
source and environmental conditions, economic and spa
tial support conditions, and tourism demand. Among these, 
water environmental pressure and tourism intensity exhibit 
the most pronounced threshold effects and constitute the 
core constraints on Adaptation levels. In contrast, eco
nomic development, environmental regulation, and aqua
culture structural upgrading display stage-dependent role 
shifts, while climate conditions and tourism consumption 
exert relatively limited influence. Overall, these results in
dicate that the Adaptation mechanism is not a simple linear 
aggregation of effects but is jointly determined by ecologi
cal carrying capacity and development stages. Specifically: 

(1) Resource and environmental conditions and natural 
endowments exert the strongest constraints. The SHAP de
pendence curve for water quality pressure exhibits a pro
nounced inverted U-shaped pattern and shows the highest 
explanatory power among all factors. Within the low-to-
moderate pressure range, moderate intensification and im
provements in water environmental management enhance 
Adaptation levels. However, once pressure exceeds a 
threshold of approximately 3, the effect rapidly turns neg
ative, indicating that surpassing ecological carrying capac
ity significantly crowds out the space for fishery–tourism 
synergy. Environmental regulation also follows an inverted 
U-shaped relationship, with moderate regulatory intensity 
being most conducive to Adaptation, whereas overly weak 
or excessively stringent regulation diminishes its effective
ness. Aquaculture structural upgrading displays a U-shaped 

pattern, with its effect shifting from negative to positive 
once the structural index exceeds about 0.2, suggesting 
that species optimization and facility-based production can 
substantially promote functional integration between the 
two sectors. Annual mean temperature exerts only a minor 
influence and serves as an auxiliary natural endowment 
factor. 

(2) Economic and spatial support conditions exhibit 
stage-dependent effects. GDP per capita shows a clear U-
shaped relationship with Adaptation. At low income levels, 
Adaptation remains limited due to insufficient infrastruc
ture and governance capacity. After surpassing the middle-
income stage, consumption upgrading and increased in
vestment in environmental governance lead to a positive 
effect. In contrast, the urbanization rate displays a persis
tently negative relationship, as urban expansion and the 
accumulation of ecological pressures continuously com
press the space for synergy. Given that most provinces are 
already in medium-to-high urbanization stages, this find
ing carries strong practical relevance. 

(3) Tourism demand scale and structure generate pro
nounced pressure effects. Tourism intensity emerges as the 
strongest negative factor, with higher intensity associated 
with lower SHAP values, reflecting intensified competition 
for water space and environmental disturbance caused by 
high-density tourist flows. Tourism accessibility shows a 
weak positive effect only at medium-to-high levels, while 
per capita tourism expenditure exerts no substantive in
fluence. This suggests that the current demand structure 
is insufficient to drive meaningful improvements in fish
ery–tourism synergy. 
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Figure 6. SHAP-based nonlinear marginal effects of individual driving factors         

REGIONAL HETEROGENEITY OF KEY DRIVING FACTORS 

Based on the SHAP importance ranking, the explanatory 
power of response curves, and policy relevance, six key vari
ables are selected to analyze regional differentiation mech
anisms. As shown in Figure 7 , water environmental pres
sure and tourism intensity exhibit consistent directional 
effects at the national level, but substantial regional het
erogeneity exists across the eastern, central, western, and 
northeastern regions in terms of sensitivity and threshold 
locations. In contrast, tourism accessibility and tourism ex
penditure display opposite effects between the eastern and 
western regions, while water resource intensity imposes 
much stronger constraints in the central and northeastern 
regions than in the eastern and western regions. The main 
findings are as follows: 

(1) Resource and environmental conditions and natural 
endowments: strongest constraints in the central and 
northeastern regions. Water quality pressure shows a typ
ical inverted U-shaped relationship, with the central and 
northeastern regions being the most sensitive. Once pres
sure exceeds the threshold, the effect rapidly turns neg
ative, indicating that ecological carrying capacity is more 
fragile in these regions. In contrast, changes in the eastern 
and western regions are relatively mild, suggesting that wa
ter environmental pressure has not yet become a binding 
constraint. Aquaculture water-withdrawal intensity also ex
hibits pronounced regional differentiation. In the eastern 
region, the effect is positive and increasing, reflecting that 
scale expansion still generates synergistic benefits. In the 
central and northeastern regions, however, the relationship 
follows an inverted U-shape, with high withdrawal intensity 
exerting negative impacts on Adaptation. The effect in the 
western region is the weakest, consistent with its relatively 
limited aquaculture scale. Although temperature effects are 
generally modest, the central region shows a stable positive 
effect, while the western region exhibits an inverted U-
shaped pattern, indicating that arid climatic conditions 

combined with high temperatures may constrain further 
improvements in Adaptation. 

(2) Economic and spatial support conditions: clear re
gional differentiation across development stages. Tourism 
accessibility displays a pronounced “negative in the east, 
positive in the west” pattern. Improvements in accessibility 
generate significant positive effects in the western region, 
suggesting that transport infrastructure upgrades effec
tively alleviate market disadvantages. By contrast, the re
sponse curves in the eastern and northeastern regions are 
predominantly negative, implying that high accessibility 
intensifies spatial competition and environmental pres
sure. 

(3) Tourism demands scale and structure: stronger pres
sure effects in the east and highest sensitivity in the west. 
Tourism intensity exerts negative effects across all four re
gions, with the steepest decline observed in the western re
gion, where ecological fragility amplifies sensitivity to high 
tourist density. The eastern and central regions also show 
pronounced negative effects, indicating that high-volume 
tourism continues to crowd out space for fisheries. The ef
fect in the northeastern region is relatively moderate. Per 
capita tourism expenditure has a strong negative effect in 
the eastern region, where high-end consumption tends to 
concentrate on coastal scenic resources, thereby displacing 
fishery–tourism composite spaces. In contrast, the western 
region exhibits a weak inverted U-shaped relationship, sug
gesting that moderate upgrading of tourism consumption 
may expand market space. Effects in the central and north
eastern regions are close to zero. 
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Figure 7. Regional heterogeneity in the nonlinear marginal effects of driving factors on the Adaptation index               

DISCUSSION 

CONSTRAINTS ON THE TRANSFORMATION OF 
FRESHWATER AQUACULTURE EFFICIENCY 
IMPROVEMENTS INTO RECREATIONAL FISHERIES 
DEVELOPMENT AND THEIR STRUCTURAL CAUSES 

The results indicate that although both freshwater aqua
culture efficiency and the level of recreational fisheries de
velopment exhibit upward trends, the improvement in their 
composite Adaptation level remains relatively limited. This 
suggests that efficiency gains do not automatically trans
late into synergistic advantages for recreational fisheries 
development. This phenomenon reveals that the relation
ship between the two systems is not governed by a simple 
linear transmission mechanism, but is instead jointly 
shaped by differences in industrial functional attributes 
and structural constraints. This finding is consistent with 
existing studies on the multifunctional transformation of 
fisheries, which suggest that improvements in production 
efficiency do not necessarily lead to simultaneous enhance
ment of recreational or service functions.10 However, much 
of the related literature has focused primarily on identi
fying empirical patterns, while providing relatively limited 
explanations of the internal mechanisms that hinder the 
spillover of efficiency gains. 

The present study further suggests that the decoupling 
between efficiency and recreational functions may be re
lated to structural differences between production-oriented 
and service-oriented industries in terms of objective func
tions, spatial requirements, and factor allocation. Improve
ments in freshwater aquaculture efficiency are mainly dri
ven by technological progress and input intensification on 
the production side, with the core objective of reducing unit 

costs and increasing output efficiency. In contrast, the de
velopment of recreational fisheries relies more heavily on 
environmental quality, spatial organization, and consump
tion experiences, and its development logic is not fully con
gruent with that of production efficiency enhancement.7 

Under these conditions, efficiency advantages in aquacul
ture can spill over into recreational fisheries only through 
mediating mechanisms such as demand pull, product form 
transformation, and institutional linkages. When these 
transmission channels are insufficient or constrained, effi
ciency gains tend to be “locked in” within the production 
system, manifesting as a structural pattern in which effi
ciency continues to improve while the Adaptation level in
creases only slowly. This indicates that synergistic devel
opment within multifunctional industrial systems depends 
not merely on the degree of efficiency improvement in a 
single system, but more critically on the smooth function
ing of transformation mechanisms and the degree of struc
tural alignment among different functions. 

SPATIAL CONDITIONS AND PATHWAYS UNDERLYING 
REGIONAL DIFFERENTIATION IN THE ADAPTATION 
LEVEL 

Against the backdrop of generally constrained transforma
tion of freshwater aquaculture efficiency into recreational 
fisheries functions, substantial regional differences in 
Adaptation levels persist. This indicates that the underlying 
structural constraints do not operate uniformly across re
gions, but are jointly shaped by resource and environmen
tal conditions, spatial configurations, and demand-side 
contexts. Specifically, the relatively high and stable Adap
tation observed in the central region does not imply that 
structural barriers to efficiency transformation have been 
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overcome; rather, it reflects a buffering effect arising from 
regional spatial structure and development stage. More 
abundant water and shoreline resources, a relatively dis
persed distribution of production factors, and moderate 
tourism demand intensity prevent efficiency improvements 
from approaching ecological and spatial carrying thresh
olds, thereby avoiding pronounced crowding-out effects on 
recreational functions. Under such conditions, transforma
tion constraints remain in place, but their negative impacts 
are attenuated, resulting in a relatively stable Adaptation 
level. 

By contrast, the eastern region follows a different path
way. Highly concentrated industrial and population struc
tures, tightly constrained water and shoreline resources, 
and intensive tourism activities cause efficiency gains to 
approach ecological and spatial thresholds more rapidly, 
amplifying structural tensions between efficiency enhance
ment and the expansion of recreational functions. In this 
context, even where recreational fisheries demand is strong 
and market and service infrastructures are well developed, 
efficiency improvements may erode Adaptation through the 
accumulation of environmental pressure and intensified 
spatial competition. The outcome is therefore more often 
characterized by a gradual recovery from low to moderate 
Adaptation, rather than sustained upward progression. 

The persistently low Adaptation in the northeastern re
gion reflects yet another spatial context. When demand-
side contraction, population outflow, and industrial struc
tural rigidity coexist, constraints on efficiency 
transformation are reinforced. Improvements in freshwater 
aquaculture efficiency lack sufficient recreational carriers 
and market feedback, making it difficult for Adaptation lev
els to achieve effective breakthroughs and leading to pro
nounced path dependence. 

Overall, regional differences in Adaptation do not indi
cate whether a given region performs “better” or “worse” 
in terms of recreational fisheries or freshwater aquaculture 
development per se. Rather, they reflect heterogeneous 
outcomes of a common efficiency–recreation transforma
tion mechanism operating under distinct spatial condi
tions. While existing studies often attribute regional dis
parities to differences in development level or resource 
endowment, the present findings suggest that the critical 
factor lies not in efficiency improvement itself, but in 
whether such gains fall within spatial and demand ranges 
that can be effectively absorbed by recreational functions. 
This implies that efficiency–function synergy is not a 
process that can be simply replicated or linearly scaled 
across space, but a fundamentally context-dependent out
come. The findings suggest that when ecological carrying 
capacity, spatial availability, and industrial structure are 
more compatible, efficiency advantages are more likely to 
be translated into higher Adaptation levels; otherwise, 
Adaptation may stagnate or even decline despite continued 
efficiency growth. In this sense, regional differentiation in 
Adaptation should be understood not as a transitional de
viation in multifunctional development, but as an endoge
nous outcome of multifunctional expansion under spatial 
constraints. By foregrounding the role of spatial conditions 

and pathways, this study extends current understandings of 
fisheries multifunctionalization and provides a new analyt
ical lens for interpreting regional heterogeneity in Adapta
tion outcomes. 

POLICY IMPLICATIONS 

Building on the foregoing discussion of the structural con
straints that limit the transformation of freshwater aqua
culture efficiency into recreational fisheries development, 
as well as the pronounced regional differentiation in their 
Adaptation levels, related policies should place greater em
phasis on optimizing inter-system coordination rather than 
focusing solely on the growth rate or scale expansion of in
dividual subsystems. 

First, greater efforts should be devoted to improving the 
institutional arrangements and implementation vehicles 
that facilitate the transformation of freshwater aquaculture 
efficiency into recreational fisheries functions. Given that 
efficiency improvements do not automatically translate 
into synergistic advantages for recreational fisheries devel
opment, policy priorities should shift from the exclusive 
promotion of production efficiency toward strengthening 
the application scenarios and realization pathways through 
which efficiency gains can be embedded in recreational 
fisheries.44 This can be achieved by promoting facility-
based, experience-oriented, and multifunctional recre
ational fisheries models, thereby enhancing the effective 
linkage between technological progress in aquaculture, im
provements in product quality, and evolving recreational 
consumption demand, and reducing structural frictions in 
inter-system transformation. 

Second, differentiated and place-based pathways should 
be adopted to advance the coordinated development of 
recreational fisheries and freshwater aquaculture. Regional 
disparities in Adaptation indicate substantial differences 
across regions in terms of resource endowments, industrial 
foundations, and spatial constraints, implying that uniform 
development models are unlikely to achieve optimal coor
dination.45 The central region can further consolidate the 
coupling between efficiency advantages and recreational 
functions while maintaining its existing structural balance. 
In contrast, the eastern region should place greater empha
sis on spatial and ecological constraints, enhancing indus
trial quality while preventing the risk of system mismatch. 
Regions with relatively low Adaptation levels should priori
tize addressing institutional linkages and functional trans
formation bottlenecks, rather than simply replicating high-
intensity development trajectories. 

Third, the Adaptation relationship should be incorpo
rated as a key evaluative perspective in coordinating the 
multifunctional development of fisheries. Compared with 
assessments that focus solely on aquaculture efficiency or 
the level of recreational fisheries development, an Adap
tation-oriented perspective more effectively captures the 
quality of inter-system coordination and potential systemic 
risks. Integrating Adaptation indicators into fisheries trans
formation and regional development evaluation frame
works would help identify latent issues characterized by 
efficiency gains without corresponding improvements in 
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coordination, thereby providing more precise decision sup
port for optimizing industrial structures, spatial allocation, 
and resource utilization. 

LIMITATIONS AND FUTURE RESEARCH 

Although this study provides a systematic analysis of the 
synergistic relationship between recreational fisheries de
velopment and freshwater aquaculture efficiency from a 
composite Adaptation perspective, several limitations 
should be acknowledged. First, this study relies on aggre
gated provincial-level data, which may mask substantial 
intra-provincial heterogeneity across cities, counties, and 
specific water bodies. As a result, localized differences in 
the Adaptation relationship may not be fully captured. Sec
ond, the Adaptation relationship exhibits clear multi-scale 
evolutionary characteristics. The present analysis is con
ducted mainly at the provincial level and does not further 
explore finer-grained differences at the municipal, county, 
or specific water-body levels. Third, while the results focus 
on identifying inter-system association structures and in
teraction patterns, there remains scope for deeper investi
gation into causal mechanisms. Future research could in
tegrate higher-resolution data and causal inference 
approaches to provide a more comprehensive understand
ing of the formation and evolution of Adaptation relation
ships. 

CONCLUSION 

Based on provincial panel data for China from 2008 to 2023, 
this study systematically examines the spatiotemporal evo
lution and underlying mechanisms of the relationship be
tween recreational fisheries development and freshwater 
aquaculture efficiency from a composite Adaptation per
spective. The main conclusions are as follows: 

(1) During the study period, both the level of recreational 
fisheries development and freshwater aquaculture effi
ciency exhibit steady upward trends. However, their com
posite Adaptation level remains persistently within a low-
to-medium range, with limited changes in stage-wise 
averages. This indicates that improvements in efficiency 
have not been translated into synergistic benefits for recre
ational fisheries development, and that significant struc
tural mismatches persist between the two systems. 

(2) The composite Adaptation relationship displays pro
nounced regional differentiation, characterized by a pat
tern of “persistently high Adaptation in the central region, 
a transition from low to medium–high Adaptation in the 
eastern region, moderate and differentiated Adaptation in 
the western region, and generally low and weakening Adap
tation in the northeastern region.” Adaptation levels are 
not determined solely by industrial scale or economic de
velopment, but depend more critically on the degree of 
structural alignment among freshwater aquaculture foun
dations, resource and environmental conditions, and the 
capacity to transform efficiency gains into recreational 
functions. 

(3) Analysis of the driving mechanisms reveals that the 
composite Adaptation level is shaped by the nonlinear joint 
effects of multiple factors. Among these, ecological and en
vironmental constraints and tourism intensity emerge as 
key limiting factors, while aquaculture structural optimiza
tion and economic development exert facilitating effects 
within specific ranges. Overall, the coordinated develop
ment of recreational fisheries and freshwater aquaculture 
appears to depend on reducing structural frictions in the 
transformation of efficiency gains into functional outcomes 
and improving the overall Adaptation level of the system 
through differentiated, place-based regulatory pathways. 

(4) More broadly, the Adaptation perspective provides a 
useful analytical framework for managing multifunctional 
systems, as it helps identify not only the performance of in
dividual subsystems but also the quality of their coordina
tion and the risks arising from structural mismatch. 
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