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The feed conversion ratio (FCR) is a key indicator of efficiency and sustainability in
aquaculture, yet existing evidence on its farm-level determinants remains dominated by
nutritional experiments, with little rigorous identification of the causal effects of
managerial inputs or their heterogeneity across production regimes. Using farm-level
survey data from 222 Litopenaeus vannamei farms in four major Chinese producing
provinces over 2016-2023 (n = 382 farm-cycle observations), we applied propensity score
matching (PSM) with subsample heterogeneity analysis, validated by Rosenbaum bounds
and OLS interaction tests, to identify the effects of branded-feed adoption and
technical-service access on FCR. Four findings emerge. First, in the pooled sample, both
branded feed (ATT = -0.31, p < 0.05) and technical services (ATT = -0.24, p < 0.05)
significantly reduce FCR. Second, among traditional pond farmers, branded feed yields a
substantial efficiency gain (ATT = -0.528, p < 0.01), whereas technical services do not.
Third, among industrialized farmers, the pattern reverses: technical services significantly
reduce FCR (ATT = -0.376, p < 0.01), whereas branded feed has no detectable effect.
Fourth, Rosenbaum bounds confirm that the significant ATTs withstand hidden bias up to
I~ 2.8-3.0, and OLS interaction tests independently replicate the reversal. The evidence
supports a complementarity-matching hypothesis: the marginal value of a modern input
depends on whether it relieves the binding constraint of the production regime. The
findings inform a differentiated extension policy for sustainable shrimp aquaculture.

1. INTRODUCTION

China is one of the world’s largest aquaculture producers,
and the performance of its aquaculture sector is increas-
ingly evaluated not only by output growth but also by re-
source efficiency and environmental sustainability.l:2 In
2022, global aquaculture production surpassed capture
fisheries for the first time, reaching 94.4 million tonnes, of
which China contributed approximately 57%.! In this con-
text, feed efficiency has become a central concern because
feed typically represents the highest variable cost in shrimp
farming and is a major source of nutrient discharge into
surrounding waters.23 The feed conversion ratio (FCR), de-
fined as the amount of feed required to produce a unit of
biomass gain,* is therefore a key indicator of both economic
performance and environmental pressure: a lower FCR im-
plies more efficient feed use, lower production costs, and
reduced feed waste.

China’s policy framework has shifted markedly toward
greener and higher-quality aquaculture development.

While the 13th Five-Year Plan (2016-2020) primarily em-
phasized expanding aquaculture production and distant-
water fisheries, the 14th Five-Year Plan (2021-2025) places
greater emphasis on optimizing the layout of green
nearshore aquaculture, developing marine ranches, and
promoting ecological and healthy farming practices
(MARA, 2021). This orientation was further reinforced by
the 2020 No. 1 Central Document on rural revitalization,
which explicitly advocated “green and healthy aquacul-
ture.” These developments make it especially important to
understand the farm-level determinants of feed efficiency
in commercial aquaculture.

Among cultured shrimp species, Litopenaeus vannamei
(Pacific white shrimp) is the dominant farmed shrimp in
China and one of the most economically important species
in the country’s aquaculture industry.> Because of its eco-
nomic weight, even modest improvements in FCR may have
meaningful implications for both farm profitability and en-
vironmental performance.3. Yet as the literature review be-
low documents, existing evidence on shrimp FCR is dom-
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inated by nutritional and experimental studies, while
micro-level evidence on how farmer characteristics, man-
agement behavior, and production organization shape FCR
under commercial conditions remains limited—particularly
for multi-province samples from China.”-?

Against this background, this study examines the farm-
level determinants of FCR in L. vannamei farming in China
using survey data from four major shrimp-producing
provinces during 2016-2023 (222 farms, n = 382 farm-cycle
observations), focusing on branded-feed adoption and
technical-service access and their effects on FCR both in
the pooled sample and across traditional versus industrial-
ized farming modes.

The study makes three contributions: (i) it offers multi-
province micro-evidence on shrimp FCR determinants in
China, complementing the nutrition-focused literature; (ii)
it proposes a complementarity-matching hypothesis—a mod-
ern input’s marginal value depends on whether it relieves
the production regime’s binding constraint; and (iii) it in-
forms differentiated extension policy, prioritizing branded-
feed promotion in traditional regimes and technical-service
delivery in industrialized regimes.

2. FEED CONVERSION RATIO: MEASUREMENT
APPROACHES, DETERMINANTS, SPECIES-
SPECIFIC EVIDENCE, AND RESEARCH GAPS

2.1. MEASUREMENT OF FEED CONVERSION EFFICIENCY
IN AQUACULTURE

Feed conversion efficiency in aquaculture is most com-
monly assessed through the feed conversion ratio (FCR),
which links feed input directly to biomass gain and serves
as an operational indicator of production performance.34
At the farm level, FCR is particularly informative because
it reflects both biological growth and managerial effective-
ness in feed use.

A parallel literature has developed broader sustainability
indicators, such as the fish-in:fish-out (FIFO) ratio19-12 and
the economically weighted eFIFO.13 These measures cap-
ture the upstream ecological burden of feed ingredients
and are conceptually distinct from—though complementary
to—farm-level FCR, which focuses on on-farm utilization
efficiency.2:3

A third stream examines feed-related performance using
farm or household survey data. Amankwah and Qua-
grainiel4 combined a double-hurdle model with propensity
score matching to study feed-technology adoption in
Ghana, while Joffre et al.!516 emphasized the role of so-
cial-ecological systems and farmer decision-making in
Southeast Asian aquaculture. These studies highlight that
feed efficiency is shaped not only by biology but also by
management decisions and technology adoption—a per-
spective central to the present study.

2.2. DETERMINANTS OF FCR IN AQUACULTURE

The determinants of FCR are typically grouped into nutri-
tional and farm-management factors.
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On the nutritional side, feed composition is a primary
driver. Studies on protein levels, fishmeal substitution, and
feed additives consistently find that the relationship be-
tween feed composition and FCR is non-monotonic: exces-
sively high protein or fishmeal content does not necessarily
improve feed efficiency.”-17-18 Feed additives and raw mate-
rial composition likewise significantly affect FCR.19:20

On the farm-management side, feeding level, feeding
frequency, stocking density, and environmental conditions
all shape FCR.21-25 Recent work further links labor inten-
sity, water-quality monitoring, and biosecurity to produc-
tion efficiency in commercial aquaculture.26:27 However,
literature on this aspect is dominated by controlled exper-
iments and single-factor feeding trials. While valuable for
identifying biological mechanisms, such designs offer lim-
ited evidence on how farmer behavior, production organi-
zation, and managerial inputs shape FCR under commercial
conditions, where input choices are endogenous and self-
selection is pervasive.28,29

2.3. RESEARCH ON FCR IN LITOPENAEUS VANNAMEI

Research on feed conversion efficiency in L. vannamei has
developed relatively recently, driven by the rapid expansion
of intensive shrimp farming and rising feed costs.3:10 Nutri-
tional studies confirm that the feed-composition-FCR rela-
tionship is nonlinear: extremely low-fishmeal diets reduce
growth and feed efficiency,30 and higher-quality fishmeal
yields lower FCR than lower-quality fishmeal3! —evidence
directly relevant to the present study’s focus on branded
feed, which embodies higher and more consistent ingredi-
ent quality. Recent work has also explored the genetic ba-
sis of feed efficiency, with Dai et al.8 reporting moderate
heritability of feed-efficiency traits under low-fishmeal and
low-protein diets.

Management factors—stocking density, feeding strategy,
water conditions, and production intensity—have likewise
been recognized as important.1524.25 Nevertheless, most
studies on L. vannamei rely on laboratory trials or breeding
evaluations, and commercial-farm evidence remains scarce,
particularly multi-province survey data capturing hetero-
geneity in farmer characteristics, farming practices, and
production organization.

2.4. RESEARCH GAP AND POSITIONING OF THIS STUDY

The literature reveals two gaps. First, the Chinese literature
on feed conversion remains dominated by finfish studies
and experimental nutrition research, with limited evidence
on how managerial inputs—branded-feed adoption and
technical-service access—translate into FCR outcomes un-
der real commercial conditions. Second, within the shrimp
literature, micro-level behavioral and organizational deter-
minants of FCR have received little attention, and almost
no studies examine heterogeneous effects across produc-
tion regimes. Yet the coexistence of traditional and indus-
trialized systems in Chinese shrimp aquaculture!552.33 jm-
plies that the marginal value of any modern input likely
depends on whether it matches the binding constraint of
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the production regime—a possibility that has not been sys-
tematically tested.

This study addresses both gaps by combining multi-
province farm-level survey data (2016-2023) with a rigor-
ous identification strategy (PSM, subsample heterogeneity
analysis, Rosenbaum bounds, and OLS interaction tests),
thereby complementing the dominant experimental litera-
ture with economic-behavioral evidence and providing em-
pirical support for a complementarity-matching framework
of input effectiveness.

3. CONCEPTUAL FRAMEWORK AND RESEARCH
HYPOTHESES

3.1. CONCEPTUAL FRAMEWORK

This study draws on human capital theory,34-3¢ technology
adoption theory,37-39 and the theory of constraints49 to ex-
plain how farmer characteristics and production decisions
shape feed-use efficiency in L. vannamei farming. At the
farm level, the feed conversion ratio (FCR) is determined
not only by feed formulation and shrimp biology, but also
by the farmer’s capacity to acquire and process informa-
tion, adopt appropriate technologies, and organize produc-
tion efficiently.15.26

Three channels are emphasized. First, farmer human
capital—particularly education and farming experi-
ence—may improve the precision of feeding, water-quality
management, and disease prevention, thereby reducing
feed waste.l94142 Second, input and technology
choices—such as the use of branded feed and the receipt
of technical services—may affect feed quality, management
standardization, and access to professional guidance, which
in turn influence feed-use efficiency.?4143 Third, produc-
tion organization and management intensity—farming
mode, stocking density, farm scale, and farming cycle
length—shape biomass growth, environmental conditions,
feeding precision, and biological risk, thereby affecting
FCR.24’25’44

Crucially, these three channels are not independent.
Drawing on the theory of constraints,40 the marginal value
of any single input depends on whether it relieves the bind-
ing constraint of the production regime. In traditional pond
farming, where feed quality is often the most limiting fac-
tor, branded feed adoption is expected to yield large ef-
ficiency gains, while technical services may have weaker
effects because the binding constraint lies elsewhere. In
industrialized farming, where feed quality is already rela-
tively standardized but operational complexity and disease
risk are high, technical services focused on water quality
and biosecurity are expected to yield greater gains. We refer
to this logic as the complementarity-matching hypothesis,
which motivates the heterogeneity analysis in Section 6.

Accordingly, this study conceptualizes FCR as a farm-
management outcome jointly determined by farmer capa-
bility, input choice, and production organization, rather
than as a purely biological indicator. Because some man-
agement choices may be jointly determined by unobserved
farmer ability or farm conditions, the empirical analysis
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uses propensity score matching to mitigate self-selection
bias for the two focal binary inputs (branded feed and tech-
nical services), and supplements it with Rosenbaum bounds
to assess sensitivity to unobserved bias. Remaining identi-
fication concerns are discussed in Section 4.4.

3.2. RESEARCH HYPOTHESES

Based on the framework above, the study advances four
core hypotheses that correspond directly to the empirical
analysis in Section 6.

Core hypotheses — average effects:

H1. Branded-feed adoption reduces shrimp FCR on aver-
age.

H2. Receipt of technical services reduces shrimp FCR on
average.

Core hypotheses — complementarity-matching:

H3 (Feed). The FCR-reducing effect of branded feed is
significantly stronger in traditional pond farming than in
industrialized farming, because feed quality is the binding
constraint in the traditional regime.

H4 (Service). The FCR-reducing effect of technical ser-
vices is significantly stronger in industrialized farming than
in traditional pond farming, because operational complex-
ity and disease risk are the binding constraints in the indus-
trialized regime.

For farmer human capital and production organization,
the study posits the following directional predictions,
tested jointly in the OLS specifications:

Al. Education is negatively associated with FCR.

A2. Farming experience is negatively associated with
FCR.

A3. Stocking density is significantly associated with FCR;
the sign may be negative if most farms operate below the
technical optimum, but may weaken or reverse at excessive
densities.

A4. The industrialized farming mode is significantly as-
sociated with FCR relative to traditional pond farming, with
direction ambiguous ex ante.

A5. A longer farming cycle is positively associated with
FCR.

A6. Farming scale is significantly associated with FCR,
with direction ambiguous due to competing effects of
economies of scale and managerial complexity.

Gender, province, and survey year are included as con-
trols without directional hypotheses. All hypotheses and
corresponding variables are summarized in Section 4.3.

4. DATA AND METHODS

4.1. DATA SOURCE AND SAMPLE

This study focuses on four major Litopenaeus van-
namei-producing provinces in China—Shandong, Hebei,
Jiangsu, and Guangdong—which span the principal aqua-
culture zones along the northern, eastern, and southern
coasts and capture substantial heterogeneity in climate,
farming systems, and management practices (Figure 1)
Within these provinces, fieldwork concentrated on the
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Figure 1. Geographic distribution of the survey areas

Data source: Field surveys conducted by authors’ team.

guangdong
(46)

Base map source: Standard Map Service website of the Ministry of Natural Resources (http://bzdt.ch.mnr.gov.cn/index.html); map data from China Map Publishing House and the Na-

tional Geomatics Center of China.

leading shrimp-producing prefectures: Lianyungang
(Jiangsu), Rizhao (Shandong), Zhanjiang (Guangdong), and
Tangshan and Cangzhou (Hebei).

The data come from annual field surveys conducted by
the authors’ team between 2017 and 2023. Because each
survey wave collected production records covering the most
recent completed grow-out cycle as well as recall data on
earlier cycles, the resulting production records span the
2016-2023 farming seasons. Survey coverage in Hebei be-
gan only in 2019; the resulting dataset therefore consti-
tutes an unbalanced pooled cross-section rather than a bal-
anced panel (see Table 1).

Primary information was collected through face-to-face
interviews with farmers and farm managers by trained in-
vestigators, with each interview lasting approximately
20-25 minutes. Respondents provided detailed production
information on feed use, stocking, harvesting, farming
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practices, and farmer characteristics. The questionnaire in-
strument and a summary of the main data items are pro-
vided in Appendix A.

The original dataset contained 690 observations. To en-
sure accurate FCR calculation, the sample was restricted to
observations corresponding to a single, complete grow-out
cycle with clearly identifiable input and output boundaries.
Observations were excluded if they: (i) involved mixed-
species farming; (ii) relied primarily on natural rather than
commercial formulated feed; (iii) contained overlapping
multi-crop records that prevented clean attribution of feed
input to a single batch; or (iv) lacked key variables required
for FCR calculation. After cleaning, 382 valid farm-cycle
observations from 222 unique farms remained, distributed
across provinces as Jiangsu 151 (39.5%), Shandong 123
(32.2%), Hebei 62 (16.2%), and Guangdong 46 (12.0%). The
annual distribution is reported in Table 1.
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Table 1. Distribution of Survey Samples

Province 2016 2017 2018 2019 2020 2021 2022 2023 Total
Shandong 4 3 15 19 10 13 28 31 123
Jiangsu 30 14 21 24 20 17 8 17 151
Guangdong 13 2 7 6 10 1 2 5 46
Hebei 0 0 0 20 8 18 5 11 62
Total 47 19 43 69 48 49 43 64 382

Notes: Authors’ field surveys. Production records cover the 2016-2023 farming seasons; fieldwork was conducted in 2017-2023. Survey coverage in Hebei began in 2019; no observa-

tions were collected in Hebei for the 2016-2018 seasons.

4.2. OUTCOME VARIABLE: FCR

The feed conversion ratio (FCR) is a standard indicator of
feed-use efficiency in aquaculture.3# Following Zhuang et
al., %5 farm-level FCR is defined as:

FCR; = Wy (Wa — Wy;) (1)
where W, is total feed input (kg), and Wy; and Wy; are
stocked and harvested biomass (kg), respectively. A lower
FCR indicates higher feed-use efficiency. All quantities re-
ported in jin were converted to kilograms (1 jin = 0.5 kg).

Feed input (W,). Because commercial pellet feed ac-
counts for the dominant share of feed use in L. vannamei
farming, W, is measured by pellet-feed consumption
recorded in the survey (brand, unit price, purchased quan-
tity, and total expenditure). The live feed is excluded from
the baseline calculation, as its reported use is limited and
not consistently measured across farms.

Harvested biomass (W5). W5 is taken directly from the
reported harvest output of the grow-out cycle.

Stocked biomass (W;). W; was not recorded directly in
the questionnaire. Because shrimp seed typically passes
through a nursery stage before pond stocking and actual
stocking sizes vary across farms, 8 this study adopts a stan-
dardized stocking weight of 0.38 g per juvenile (*3 cm body
length; Li et al., 2020):

Wi = N; x 0.00038 kg (2)
where N; is the number of stocked juveniles. This standard-
ization may introduce measurement error if true stocking
weights vary systematically across regions or production
regimes; the implications for interpretation are discussed
in Section 7.3, and future surveys should record farm-spe-
cific stocking weights.

4.3. EXPLANATORY VARIABLES

The dependent variable is the farm-level FCR (Section 4.2).
Explanatory variables follow the four categories summa-
rized in Table 2 : farmer human capital (Gender, Education,
Experience), input and technology adoption (Brand, Tech
Service), production organization and management (Mode,
Scale, Density, Cycle), and locational/temporal controls
(province and year dummies). Brand and Tech Service serve
as the two focal treatment variables: Brand corresponds to
H1 (and H3), and Tech Service to H2 (and H4) (Table 2). The
underlying mechanisms have been developed in Section 3
and are not restated here.
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4.4, EMPIRICAL STRATEGY

The empirical analysis proceeds in three stages, designed to
move from descriptive associations to the identification of
core treatment effects and, finally, to a test of the comple-
mentarity-matching hypothesis.

4.4.1. THREE-STAGE ESTIMATION STRATEGY

Stage 1: Baseline OLS regression. The baseline specifica-

tion is a pooled cross-sectional OLS regression of FCR on all

explanatory variables, with province and year fixed effects:

FCR; = a + B1Brand; + B2TecService; 3

X[y + pp Tt e )

where X; collects farmer human-capital and production-

organization controls, u, and 7; denote province and year

fixed effects, and standard errors are clustered at the farm

level. Stage 1 provides conditional correlations and serves
as a benchmark for the matched estimates in Stage 2.

Stage 2: Propensity score matching. To mitigate self-
selection bias in the two focal binary treatments, we esti-
mate the average treatment effect on the treated (ATT) of
Brand and Tech Service via propensity score matching. For
each treatment, a logit model regresses the treatment indi-
cator on the full set of covariates in Equation (3) (excluding
the other focal treatment to avoid bad controls), generat-
ing estimated propensity scores. The baseline matching es-
timator is nearest-neighbor matching with replacement (k
= 1), with kernel matching reported as a robustness check.
Common-support and covariate-balance diagnostics are
presented in Section 6.3. Sensitivity to hidden bias is as-
sessed via Rosenbaum bounds, reporting the critical I' at
which the significance of the ATT would be overturned.

PSM is applied separately to (i) the pooled sample, (ii)
the traditional-pond subsample, and (iii) the industrialized
subsample. The contrast between (ii) and (iii) provides the
primary test of the complementarity-matching hypothesis
(H3, H4).

Stage 3: OLS interaction tests. As an independent
check on the subsample PSM evidence, Equation (3) is aug-
mented with interaction terms between each focal treat-
ment and the industrialized-mode dummy:

FCR; = a + 1Brand; + BsTecService;
+B3Mode; + 61 (Brand; x Mode;) )
+6d2(TecService; x Mode;)

+ X[+ pp + T+ e
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Table 2. Variable Definitions, Measurement, and Hypothesis Mapping

Variable type Category Variable Definition / Coding Hypothesis
Dependent _ FCR Feed conversion ratio, calculated as in Section _
variable 4.2
Explanatory Farmer human capital Gender 1=male; 0 =female Control
variables
1 = primary school;
2 = junior high school;
3 = senior high school / technical secondary
Education school; Al
4 = junior college;
5 = bachelor’s degree;
6 = master’s degree or above
Experience Years of L. vannamei farming (years) A2
Input and technology 1 = branded feed;
adoption Brand 0 = non-branded feed H1,H3
Tech 1 = received technical training / extension /
- X . H2,H4
Service consulting; O = not received
Production organization Mode 1 =industrialized farming; O = traditional pond A4
and management farming
. 2 . .
Scale Total pond area for L. vannamei (m#); enters in A6
Inform
Density Stocked juveniles per m2; enters in In form A3
Cycle Length of grow-out cycle (months) A5
Locational and temporal . Dummies for Shandong, Jiangsu, Hebei,
Province Control
controls Guangdong (Shandong as reference)
Year Dummies for 2016-2023 (2016 as reference) Control

Under H3, §; > 0 (the FCR-reducing effect of branded feed
is weaker in industrialized farming). Under H4, 62 < 0 (the
FCR-reducing effect of technical services is stronger in in-
dustrialized farming). Significant §;,d, with the predicted
signs, replicating the subsample PSM pattern, would jointly
support the complementarity-matching framework.

4.4.2. ENDOGENEITY, IDENTIFICATION, AND
INTERPRETATION

Three identification concerns merit explicit discussion.

(1) Selection on unobservables. PSM addresses self-se-
lection on observed covariates but cannot eliminate bias
from unobserved time-varying factors—for example, an un-
observed dimension of farmer ability that drives both
branded-feed adoption and careful feeding practices.
Rosenbaum bounds quantify the magnitude of hidden bias
required to overturn the ATT estimates (Section 6.3.6).

(2) Reverse causality. Because Brand and Tech Service
are decisions made at or before stocking, while FCR is re-
alized only at harvest, reverse causality from FCR to treat-
ment status within the same cycle is structurally unlikely.
Persistent reverse causality across cycles (farmers with
chronically high FCR seeking out branded feed or services)
would bias estimates toward zero and therefore work
against finding the observed FCR-reducing effects.

(3) Measurement error. Stocked biomass is computed us-
ing a standardized juvenile weight (Section 4.2); systematic
regional or regime-specific deviations from 0.38 g would af-
fect FCR levels but not, under plausible assumptions, the
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sign of treatment-effect heterogeneity across regimes. The
implications and possible refinements are discussed in Sec-
tion 7.3.

Taken together, the three-stage strategy—OLS, PSM
with subsample heterogeneity, and OLS interaction tests,
all subject to Rosenbaum sensitivity analysis—provides
converging evidence on the average effects (H1, H2) and on
the complementarity-matching mechanism (H3, H4) exam-
ined in Section 6.

5. DESCRIPTIVE STATISTICS

5.1. OVERVIEW OF FCR CHANGES

Between 2016 and 2023, the annual mean FCR of Litope-
naeus vannamei farming in the sampled provinces fluctu-
ated between 1.25 and 1.51, without exhibiting a clear mo-
notonic trend (Figure 2). The highest annual mean was
recorded in 2017 (1.51), while the lowest values occurred
in 2019 and 2021 (both 1.25). The temporary increase in
2020 (1.38) coincided with COVID-19-related disruptions
to input supply and on-farm management,*® after which
the mean returned to its earlier low in 2021. From 2022 to
2023, annual means rose modestly from 1.29 to 1.35. The
pooled mean FCR across all 382 farm-year observations is
1.322. Comparing the starting and ending years suggests
that average feed-use efficiency has remained broadly sta-
ble rather than improved over the sample period, while sub-
stantial within-year heterogeneity persists.
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Figure 2. Annual mean FCR of Litopenaeus vannamei, 2016-2023.

Source: Compiled by the authors based on field surveys.

Substantial regional heterogeneity is also observed (Fig-
ure 3). Jiangsu (1.291), Shandong (1.283), and Hebei (1.272)
all report mean FCR values below the overall sample av-
erage of 1.322, indicating relatively higher feed-use effi-
ciency. In contrast, Guangdong reports a mean FCR of
1.602—approximately 0.28 above the overall sample aver-
age and roughly 0.30 higher than each of the other three
sampled provinces. Because higher FCR values correspond
to greater feed consumption per unit of harvested biomass,
these results indicate a noticeable feed-use efficiency gap
between Guangdong and the three northern/eastern
provinces. This regional contrast may reflect differences
in farming-mode composition, water temperature, disease
pressure, and management intensity—patterns examined
in the multivariate analysis (Section 6) and motivating the
use of province fixed effects with Shandong as the reference
category.

5.2. FARMER AND FARMING CHARACTERISTICS

This subsection summarizes the sample’s farmer and farm
characteristics, with descriptive patterns of the focal vari-
ables presented in Figures 4- 8.

Gender. Male farmers account for the overwhelming ma-
jority of respondents. Among the 382 valid observations,
376 (98.43%) are male, and 6 (1.57%) are female (Figure
4). This distribution is broadly consistent with the gender
composition of the on-site management workforce in Chi-
nese shrimp farming, where male farmers traditionally take
primary responsibility for pond operations. Given the
strong imbalance, gender is included as a control rather
than a focal variable.
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Education. Educational attainment is concentrated at
the junior-high and senior-high / technical-secondary lev-
els. Following the classification of the National Bureau of
Statistics, respondents are grouped into six categories (Fig-
ure 5): 38 (9.95%) completed primary school, 183 (47.91%)
junior high, 122 (31.94%) senior high or technical sec-
ondary, 29 (7.59%) hold a junior college diploma, 9 (2.36%)
a bachelor’s degree, and 1 (0.26%) a master’s degree or
above. Overall, about 90% of respondents completed at
most senior high or technical-secondary school, indicating
that formal higher education remains relatively uncommon
among shrimp farmers in the sample. This profile is con-
sistent with the broader pattern documented for Chinese
aquaculture households.42

Farming mode. Farming modes are classified as indus-
trialized or traditional pond farming. Among the 382 re-
spondents, 134 (35.08%) operate under the industrialized
mode and 248 (64.92%) under the traditional pond mode
(Figure 6). Traditional pond farming, therefore, remains the
dominant production model. The roughly 35:65 split pro-
vides sufficient variation for the subsample heterogeneity
analysis in Section 6.3, which tests the complementarity-
matching hypotheses H3 and H4.

Feed brand. Feed inputs are classified as branded or
non-branded (Figure 7): 252 respondents (65.97%) primar-
ily use branded commercial pellet feed produced by formal
manufacturers, while 130 (34.03%) primarily use non-
branded feed sourced from small-scale local mills or self-
prepared mixes. The roughly 66:34 split ensures adequate
treatment-control variation for the PSM analysis of Brand
in Section 6.2.

Technical services. Respondents are classified by
whether they received technical training during the produc-
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Figure 3. Mean FCR of Litopenaeus vannamei by province, 2016-2023.

Source: Compiled by the authors based on field surveys.
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Figure 4. Gender composition of surveyed farmers

tion cycle. Among the 382 respondents, 290 (75.92%) re-
ported having received training, while 92 (24.08%) had not
(Figure 8). Field interviews indicate that technical services
are typically delivered through four channels: extension
activities organized by local agricultural technology sta-
tions, on-site training provided by leading feed and aqua-
culture enterprises, training organized by industry asso-
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ciations, and online support delivered through digital
information platforms. The dominance of public extension
and enterprise-led training reflects the dual-track structure
of agricultural technology delivery in China.#” The non-
trivial untreated share (24%) provides a valid comparison
group for the PSM analysis of Tech Service in Section 6.2.
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5.3. BIVARIATE FCR COMPARISONS BY TREATMENT
STATUS

Table 3 reports unconditional mean FCR comparisons
across the two focal binary treatments and the production-
regime dimension. These bivariate patterns preview the
core hypotheses but should be interpreted with caution, as
they do not control for confounding factors.
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Three patterns are noteworthy. First, in the full sample
(Panel A), both Brand and Tech Service are associated with
significantly lower FCR—by 0.185 (p = 0.003) and 0.205 (p
= 0.003) feed units per kilogram of harvested shrimp, re-
spectively—providing preliminary support for H1 and H2.
Second, the Brand effect is statistically significant in tradi-
tional pond farming (A = 0.200, p = 0.007) but not in in-
dustrialized farming (A = 0.152, p = 0.195), consistent with
the complementarity-matching prediction of H3: when feed
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quality is the binding constraint, as in traditional ponds,
branded feed delivers larger efficiency gains. Third, the pat-
tern is sharply reversed for Tech Service: the effect is only
marginally significant in traditional farms (A = 0.140, p =
0.073) but more than three times larger and highly signif-
icant in industrialized farms (A = 0.465, p = 0.003), sup-
porting H4. Because operational complexity, water-quality
management, and disease pressure rise sharply in intensive
systems, technical services that address these binding con-
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straints produce disproportionately large efficiency gains.
These bivariate patterns are suggestive but not causal; the
multivariate OLS analysis in Section 6.1 and the PSM analy-
ses in Section 6.2 formally test these hypotheses while con-
trolling for confounders.
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Table 3. Mean FCR by Treatment Status and Farming Mode

Group N Mean Mean diff. t p-value
FCR (Control - Treated)
Panel A: Full sample (N = 382)
Brand = 0 (non-branded) 130 1.445 —
Brand = 1 (branded feed) 252 1.259 0.185*** 3.014 0.003
Tech Service=0 92 1478 -
Tech Service =1 290 1.273 0.205*** 3.009 0.003
Panel B: Traditional pond farming (Mode = 0, N = 248)
Brand =0 95 1.454 -
Brand =1 153 1.255 0.200*** 2.735 0.007
Tech Service=0 76 1.428 —
Tech Service =1 172 1.288 0.140* 1.799 0.073
Panel C: Industrialized farming (Mode = 1, N = 134)
Brand =0 35 1418 -
Brand = 1 99 1.267 0.152 (n.s.) 1.303 0.195
Tech Service=0 16 1.716 -
Tech Service=1 118 1.251 0.465*** 3.029 0.003

Notes: Two-sample t-tests with equal variances. The mean difference is computed as (Control - Treated); a positive value indicates that the treated group has a lower FCR (higher
feed-use efficiency). Significance: *p<0.10, **p<0.05, ***p<0.01. Source: Authors’ calculations from field surveys, 2016-2023.

6. EMPIRICAL RESULTS

6.1. BASELINE OLS RESULTS

Table 4 reports the baseline OLS estimates of Equation (3)
under five progressively richer specifications. Column (1)
includes only farmer demographics; Column (2) adds farm-
management variables; Column (3) introduces the three fo-
cal policy-relevant variables (Brand, Tech Service, Mode);
Column (4) adds province fixed effects; and Column (5),
the preferred specification, further adds year fixed effects
and clusters standard errors at the province x year level (29
clusters) to allow for arbitrary correlation among farms op-
erating in the same provincial market in the same year.

6.1.1. FOCAL VARIABLES: BRAND, TECH SERVICE, AND
MODE

The adoption of branded feed is associated with a reduction
in FCR of 0.159 units (p = 0.051) in the preferred spec-
ification, and the coefficient is remarkably stable across
columns (3) — (5), ranging from -0.143 to —0.159. The re-
ceipt of technical services is associated with an even larger
FCR reduction of 0.203 units (p = 0.035), also stable across
specifications. These results provide preliminary support
for H1 and H2, although a causal interpretation requires the
PSM analysis in Section 6.2.

The coefficient on Mode displays a striking sign reversal
between Column (3) and Columns (4) - (5): without
province fixed effects, industrialized farming appears (in-
significantly) associated with lower FCR; once provincial
heterogeneity is absorbed, industrialized farming is associ-
ated with FCR that is 0.631 units higher (p = 0.001) than tra-
ditional pond farming. This pattern reflects classic Simp-
son-type confounding: Guangdong has both the highest
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share of industrialized farms and the highest mean FCR
(Figure 3), so failing to control for province fixed effects
masks the within-province effect of farming mode. The
positive within-province coefficient is consistent with in-
dustrialized farms operating at higher biomass densities
and facing greater biosecurity challenges, which raise feed
requirements per unit of output. This average effect, how-
ever, masks substantial heterogeneity across the Brand x
Mode and Tech Service x Mode margins, which is the focus
of Section 6.3.

6.1.2. HUMAN CAPITAL AND FARM-MANAGEMENT
CONTROLS

Among auxiliary predictions, the evidence is mixed but
largely consistent with prior expectations:

Education (Al): strongly negative (-0.122, p < 0.001) —
supports Al. Each additional level of formal schooling is as-
sociated with a 0.12-unit reduction in FCR.

Experience (A2): significant and negative (-0.019, p =
0.005) — supports A2, consistent with learning-by-doing.

Ln (Density) (A3): strongly negative (-0.323, p < 0.001)
— supports the under-optimal density interpretation of A3.
Within the observed range, higher stocking density is asso-
ciated with lower FCR, suggesting that most sampled farms
operate below the technical optimum.

Cycle (A5): insignificant in the preferred specification —
no support for A5 once province and year effects are con-
trolled.

Ln (Scale) (A6): negative but only marginally significant
in Column (4) and insignificant in Column (5) — ambiguous
evidence on scale economies, consistent with the compet-
ing-effects argument in Section 3.2.

Age: negative and significant throughout, suggesting
that older farmers achieve modestly better feed-use effi-
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Table 4. Baseline OLS Results: Determinants of FCR

Variable (1) (2) (3) (4) (5) Main
Brand (1 = branded) - — -0.143** -0.154** -0.159*
-0.064 -0.061 -0.078
Tech Service (1 = received) — — -0.173** -0.181*** -0.203**
-0.068 -0.062 -0.092
Mode (1 = industrialized) - — -0.123 0.600*** 0.631***
-0.141 -0.133 -0.163
Gender (male = 1) -0.306 -0.276 -0.298 -0.269 -0.278
-0.193 -0.208 -0.21 -0.207 -0.197
Age -0.011*** -0.012*** -0.011*** -0.010*** -0.010**
-0.003 -0.003 -0.003 -0.003 -0.004
Education -0.111*** -0.103*** -0.080*** -0.118*** -0.122***
-0.03 -0.03 -0.03 -0.03 -0.03
Experience -0.009 -0.008 -0.010* -0.019*** -0.019***
-0.005 -0.005 -0.006 -0.005 -0.006
Ln (Scale) — -0.064** -0.086** -0.061* -0.060
-0.032 -0.036 -0.035 -0.05
Cycle - -0.043 -0.044 0.007 0.017
-0.029 -0.029 -0.035 -0.04
Ln (Density) — -0.128** -0.091 -0.313*** -0.323***
-0.057 -0.061 -0.058 -0.057
Province FE (ref: Shandong) No No No Yes Yes
Year FE (ref: 2016) No No No No Yes
Standard errors HC3 HC3 HC3 HC3 Cluster (prov x year)
Constant 2517 3.951%* 4.160*** 4.504*** 4.641***
Observations 382 382 382 382 382
R-squared 0.068 0.09 0.122 0.242 0.248

Notes: Robust standard errors in parentheses. Column (5) is the preferred specification, with province and year fixed effects and standard errors clustered at the province x year level
(29 clusters). Significance: *p<0.10, **p<0.05, ***p<0.01. Reference categories: Shandong (province) and 2016 (year).

ciency, possibly reflecting accumulated tacit knowledge be-
yond formal experience.

Gender: insignificant, consistent with the highly imbal-
anced gender distribution (98.4% male) reported in Section
5.2.

6.1.3. FIXED EFFECTS AND MODEL FIT

Adding province fixed effects (Column 4) raises R? sharply
from 0.122 to 0.242, indicating that regional heterogene-
ity—particularly the Guangdong gap—accounts for a sub-
stantial share of FCR variation. Adding year fixed effects
(Column 5) yields a modest additional improvement to R2
= 0.248, consistent with the absence of a strong temporal
trend documented in Figure 2. Estimated province fixed ef-
fects (not reported in Table 4; available on request) indicate
that Guangdong exhibits a within-sample FCR premium of
approximately +1.04 units relative to Shandong even after
controlling for all observable farm characteristics, suggest-
ing that unobserved environmental factors (water temper-
ature, salinity, disease pressure) likely play an important
role in the Guangdong—North China efficiency gap—a find-
ing that warrants further investigation in future research.
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6.1.4. ENDOGENEITY CONCERNS AND IDENTIFICATION
STRATEGY

The OLS estimates in Section 6.1 should be interpreted
with caution due to potential endogeneity arising from self-
selection into branding and technical-service adoption.
Farmers who adopt branded feed or seek technical training
may systematically differ from non-adopters in unobserv-
able dimensions such as managerial ability, risk preference,
or access to credit, which simultaneously affect FCR. This
generates a non-zero correlation between the treatment
variable and the error term, biasing OLS estimates.

To address this concern, we employ Propensity Score
Matching (PSM) following Rosenbaum and Rubin,*8 which
constructs a counterfactual by matching treated farmers
with observationally similar untreated farmers on a rich set
of covariates. PSM relaxes the linearity assumption of OLS
and explicitly addresses selection on observables. We fur-
ther conduct Rosenbaum-bounds sensitivity analysis to as-
sess robustness against selection on unobservables.

Formally, we estimate the Average Treatment Effect on
the Treated (ATT):
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ATT = E[Y;(1) - Y;(0) | D; = 1]
:E{Emwi:l,pm)] }
—E[Y;| D; =0, p(Xi)] | Di =1
where D; € {0,1} denotes treatment status, Y;(1) and Y;(0)
are the potential outcomes (FCR) under treatment and con-
trol, and p(X;) = Pr(D; = 1| X;) is the propensity score
estimated via logit.

6.2. PSM RESULTS (FULL SAMPLE)

This section reports the PSM estimates for two treatment
variables—branding adoption (Brand) and technical-service
adoption (Tech Service)—using the full sample of 382
shrimp farmers. We proceed in three steps: (i) estimating
the propensity score via logit; (ii) verifying covariate bal-
ance and common support; and (iii) computing the ATT un-
der multiple matching algorithms to ensure robustness.

6.2.1. PROPENSITY SCORE ESTIMATION

We estimate the propensity score p(X;) separately for each
treatment using a logit model that includes farmer demo-
graphics (age, gender, education), production characteris-
tics (experience, farm size, cycle length, density), and year
fixed effects.

The two selection equations reveal distinct mechanisms
of adoption. Branding adoption is driven primarily by
farmer age (B = 0.040, p < 0.05) and stocking density (B
= 0.645, p < 0.01), suggesting that older farmers operating
denser facilities are more likely to participate in branded
supply chains—possibly reflecting accumulated reputa-
tional capital and stronger incentives to differentiate out-
put through certified channels. Technical-service adoption
is significantly associated with education ( = 0.491, p <
0.01) and marginally with density (B = 0.421, p < 0.10), con-
sistent with the view that more educated farmers possess
greater absorptive capacity to internalize external technical
knowledge, while denser operations face stronger biosecu-
rity pressures that incentivize professional consulting. The
moderate Pseudo R values (0.122 and 0.191) indicate that
observables explain selection meaningfully but leave sub-
stantial overlap between treated and control groups—a de-
sirable property for matching. Notably, the cross-treatment
controls (Brand in column 2; Tech Service in column 1) are
statistically insignificant, suggesting that the two adoption
decisions are made largely independently conditional on
farmer characteristics (Table 5).

6.2.2. BALANCE TESTS AND COMMON SUPPORT

A credible PSM estimate requires that matching eliminates
systematic differences in observable covariates between
treated and control units.4® Table 6 reports the standard-
ized percentage bias for each covariate before and after
nearest-neighbor (1:1) matching, together with Rubin’s
overall balance diagnostics.

Interpretation. The balance diagnostics confirm that
matching is highly effective for both treatments. Before
matching, several covariates exhibit substantial imbal-
ance—most notably In(Scale) and In(Density), with ab-
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solute biases exceeding 25%—and joint balance tests
strongly reject equality of distributions (p < 0.01). After
1:1 nearest-neighbor matching, mean absolute bias falls
to 7.0% in both samples, well below the conventional 10%
threshold (Rosenbaum & Rubin, 1985). Rubin’s B drops
from 49.6 to 23.5 (Brand) and from 80.5 to 24.1 (Tech Ser-
vice), both meeting the B < 25 criterion. The joint balance
tests are no longer rejected after matching (p = 0.546 for
Brand; p = 0.417 for Tech Service), and the Pseudo R2 col-
lapses to 0.01 in both cases, suggesting substantial im-
provement in covariate balance (Table 6).

The common support condition is also reasonably satis-
fied. For the Brand treatment, 5 of 382 observations (1.3%)
fall outside the common support region, leaving 377 ob-
servations for ATT estimation. For the Tec Service treat-
ment, 9 observations (2.4%) are outside support, all from
the treated group, leaving 373 matched units. Overall, the
small number of off-support observations suggests sub-
stantial overlap in the propensity score distributions of
treated and control units, supporting the validity of the
matching procedure (Table 6).

Figure 9 and Figure 10 plot the kernel density of the esti-
mated propensity scores before and after matching for each
treatment, visually confirming that the post-matching dis-
tributions of treated and control units are nearly indistin-
guishable.

6.2.3. ATT ESTIMATES

Having established that matching successfully balances ob-
servables and that common support holds, we now estimate
the ATT of branding and technical-service adoption on
FCR. To assess robustness to the choice of matching al-
gorithm, we report three estimators: (i) nearest-neighbor
matching (NN1) with one-to-one replacement; (ii) kernel
matching using the Epanechnikov kernel with bandwidth
0.06; and (iii) radius matching with caliper 0.05. Table 7 re-
ports the ATT estimates.

6.2.4. ROBUSTNESS CHECKS

Robustness across algorithms. Table 7 demonstrates that
the ATT estimates are remarkably stable across all three
matching algorithms. For the Brand treatment, ATT esti-
mates range narrowly from -0.369 (Kernel) to -0.413 (NN1),
with a mean of —0.384—a span of only 0.044 FCR units, or
roughly 11% of the central estimate. All three estimates are
significant at the 1% level, with t-statistics between -3.54
and —4.12. The Kernel and Radius estimators, which exploit
information from multiple control units and therefore tend
to be more efficient, yield nearly identical point estimates
(-0.369 vs. -0.371) and smaller standard errors (0.090 vs.
0.117 for NN1), consistent with theoretical expectations.2?

For the Tech Service treatment, ATT estimates range
from -0.262 (NN1) to -0.307 (Radius), with a mean of
-0.292. The Kernel and Radius estimators deliver substan-
tially stronger statistical evidence (t = -3.41 and -3.51, both
significant at 1%) than NN1 (t = -2.03, significant at 5%),
suggesting that the NN1 estimate is somewhat conservative
due to its reliance on a single matched control per treated
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Table 5. Logit Estimates of Propensity Scores

Variable (1) Brand (2) Tech Service
Age 0.0395**(0.0152) 0.0126(0.0182)
Gender -0.1991(0.9061) -0.2290(1.1315)
Education 0.1605 (0.1516) 0.4909***(0.1767)
Experience -0.0212 (0.0222) -0.0330(0.0250)
In(Scale) 0.1855(0.1245) -0.0213(0.1485)
Cycle 0.0538(0.1308) -0.2161(0.1453)
In(Density) 0.6449*** (0.2004) 0.4207* (0.2404)
Tec/Brand 0.1262(0.2898) 0.1435(0.2932)
Year FE Yes Yes
Constant -4.5237*(2.5261) 0.6080 (3.0438)
Observations 382 382
Log-likelihood -215.06 -170.59
LR x2(15) 59.78*** 80.58***
Pseudo R? 0.122 0.191

Notes: Robust standard errors in parentheses. ***, ** * denote significance at the 1%, 5%, and 10% levels.

Table 6. Covariate Balance Before and After Matching (NN1)

Brand Treatment Tech Treatment

Variable %Bias Before %Bias After %Reduction %Bias Before %Bias After %Reduction
Age 15.2 -14.4 52 2.2 1.6 28
Gender -0.4 -3.2 n.a. -5.4 -3.0 44.1
Education 134 74 444 50 -17.6 64.8
Experience -15.1 1.6 89.5 -20.8 -15.9 23.3
Ln (Scale) -26.9 11.7 56.5 -50.5 -53 89.6
Cycle 0.8 -24 n.a. -29.9 3.6 87.9
Ln (Density) 39.9 -35 911 544 3.9 92.7
Brand / Tec 20.6 -12.0 42 22.9 -5.2 774
Overall
Diagnostics
Mean |Bias| 16.5 7 - 29.5 7 -
Median |Bias| 15.2 5.5 — 264 4.6 -
Rubin’s B 49.6 235 - 80.5 241 -
Rubin’s R 0.87 0.83 - 1.02 0.7 -
Pseudo R2 0.042 0.01 - 0.101 0.01 -
LR X2 (p-value) (0,008 (0246 - (0600 0A17 -

Notes: %Bias denotes the standardized percentage difference in means between treated and control units. Rubin’s B should be below 25 and R within (0.5, 2.0) for matching to be

considered successful.50

unit. The convergence of Kernel and Radius results (-0.305
vs. —=0.307; difference < 0.002) provides particularly strong
evidence that the Tech Service effect is not an artifact of
matching specification.

Taken together, the cross-algorithm consistency satisfies
the robustness criterion advocated by Caliendo and
Kopeinig2?: if matching estimates were driven by idiosyn-
cratic features of a single algorithm (e.g., a poorly matched
outlier in NN1), the three estimators would diverge sub-
stantially. Their convergence within a narrow band—com-

bined with the successful balance tests in Section
6.2.2—strengthens the causal interpretation of the esti-
mated effects.

6.3. HETEROGENEITY ANALYSIS: THE MODERATING
ROLE OF PRODUCTION MODE

6.3.1. EMPIRICAL STRATEGY

The full-sample ATTs reported in Section 6.2.3 may mask
heterogeneity across production environments. Farms in
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Figure 10. Propensity score distributions before and after matching (Tech Service treatment)

our sample operate under two distinct regimes: industri-
alized production, characterized by closed houses, auto-
mated feeding, and environmental controls; and traditional
pond farming, relying on open or semi-open ponds with
manual management. These regimes differ in process stan-
dardization, execution precision, and the marginal value of
external quality discipline, making regime-specific effects
a priori plausible. We therefore re-estimate the PSM pro-
cedure separately on each subsample, applying the same
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three matching algorithms, the same covariate vector, and
the same logit specification as in the baseline.

6.3.2. SUBSAMPLE ATT ESTIMATES

Table 8 reports the heterogeneous ATT estimates by pro-
duction mode. Two striking patterns emerge. First, brand-
ing effects concentrate almost entirely in traditional farm-
ing: among traditional farmers, branded feed is associated
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Table 7. ATT Estimates of Brand and Tech Service on FCR

Treatment Method Treated Control ATT S.E. t-stat On Support
Mean Mean

Brand Unmatched 1.2593 1.4448 -0.1854*** 0.0615 -3.01 382
NN1 1.2556 1.6681 -0.4126*** 0.1166 -3.54 377
Kernel 1.2556 1.6241 -0.3685*** 0.09 -4.09 377
Radius (0.05) 1.2556 1.6264 -0.3709*** 0.0901 -4.12 377
Mean ATT -0.384

Tech Service Unmatched 1.273 1.4782 -0.2051*** 0.0682 -3.01 382
NN1 1.2728 1.5349 -0.2621** 0.1289 -2.03 373
Kernel 1.2728 1.5782 -0.3054*** 0.0896 -341 372
Radius (0.05) 1.2728 1.58 -0.3072*** 0.0875 -3.51 371
Mean ATT -0.292

Notes: Kernel matching uses the Epanechnikov kernel with default bandwidth (0.06). Radius matching uses caliper = 0.05

| w3 denote significance at the 1%, 5%, and 10% levels.

Table 8. Heterogeneous ATT Estimates by Production Mode

Treatment Subsample NN(1) Kernel Radius Mean ATT

Branding Full sample -0.378** -0.354*** -0.349*** -0.360
Industrialized -0.0002 -0.011 -0.003 -0.005

Traditional -0.605*** -0.497** -0.495*** -0.532

Technical Service Full sample -0.291* -0.295** -0.290** -0.292
Industrialized -0.311** -0.402*** -0.403*** -0.372

Traditional -0.234 -0.141 -0.135 -0.170

Notes: * p < 0.10, ** p < 0.05, *** p < 0.01. All estimations enforce common support and include the full covariate set with year fixed effects.

with an FCR reduction of 0.50-0.61—approximately 50%
larger than the full-sample estimate and highly significant
across all algorithms. Among industrialized farmers, the
same treatment produces a point estimate indistinguish-
able from zero. Second, technical-service effects exhibit
a mirror-image pattern: the intervention reduces FCR by
0.31-0.40 among industrialized farmers (significant at 5%
or better) but only 0.14-0.23 among traditional farmers
(statistically insignificant).

6.3.3. THE SYMMETRIC REVERSAL

The two patterns together constitute a symmetric reversal
of intervention effectiveness across production regimes:

Treatment Traditional Industrialized
(Mode = 0) (Mode =1)

Brand -0.532*** =0(n.s.)

Tech Service -0.170(n.s.) -0.372***

The diagonal cells capture essentially all of the FCR-
improving effect documented in this chapter; the off-di-
agonal cells are economically and statistically null. The
pooled ATTs reported earlier are thus weighted averages of
two non-overlapping mechanisms operating in two distinct
populations, not estimates of a homogeneous causal effect.
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6.3.4. MECHANISTIC INTERPRETATION

The reversal admits a coherent interpretation grounded in
the complementarity—substitution structure between inter-
vention type and production technology.

Branding in traditional farming. In traditional produc-
tion, the binding constraint on FCR is executional rather
than informational: open-pond environments and manual
feeding make it difficult to enforce consistent input use.
Branding contracts impose external monitoring, standard-
ized protocols, and traceability requirements—they func-
tion as “soft industrialization” by embedding discipline
contractually rather than physically. Once production is al-
ready physically standardized (as in industrialized farms),
this contractual discipline becomes redundant, and the
marginal effect collapses to zero.

Technical services in industrialized farming. Technical
extension, by contrast, delivers fine-grained recommenda-
tions whose marginal value is bounded by the fidelity of im-
plementation. Industrialized facilities, with automated cli-
mate control and mechanized feeding, translate advisory
inputs into practice with minimal loss; traditional ponds
filter the same advice through manual labor and approx-
imate controls, attenuating the productivity payoff. The
Tech Service ATT more than doubles when moving from tra-
ditional to industrialized farms.

The two interventions and the two regimes thus form a
strict pairwise complementarity structure—branding pairs
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Table 9. OLS with Production Mode Interactions

Variable (1) Brand x Mode (2) Tech x Mode (3) Joint
Brand -0.181*(0.107) -0.165**(0.077) -0.185%(0.106)
Tech Service -0.202**(0.090) -0.128(0.105) -0.127 (0.105)
Mode 0.582***(0.183) 0.901***(0.181) 0.854***(0.216)
Brand x Mode 0.064 (0.132) - 0.060(0.130)
Tech Service x Mode — -0.334**(0.122) -0.333**(0.121)
Controls Yes Yes Yes
Province FE Yes Yes Yes

Year FE Yes Yes Yes

N 382 382 382

R2 0.248 0.257 0.258

Notes: Robust standard errors clustered at province x year level in parentheses. All specifications include farmer demographics (age, gender, education, experience) and farm-man-

agement variables (In(Scale), Cycle, In(Density)). *** p < 0.01, ** p < 0.05, * p < 0.10.

with traditional production, technical extension pairs with
industrialized production—while mismatched combina-
tions yield negligible returns.

6.3.5 ROBUSTNESS CHECKS FOR HETEROGENEOUS
EFFECTS

The symmetric reversal documented in Section 6.3.3 is the
central empirical finding of this chapter. To ensure that this
pattern is not an artifact of the PSM procedure or driven by
unobserved confounding, we conduct two complementary
robustness checks: (i) replicating the heterogeneity using
a fully parametric OLS specification with interaction terms
(R1), and (ii) assessing sensitivity to hidden bias via Rosen-
baum bounds (R2).

R1. OLS INTERACTION SPECIFICATION

PSM is a semi-parametric estimator that relaxes linearity

assumptions and explicitly addresses selection on observ-

ables through matching. A natural robustness check is to

verify whether the heterogeneous effects survive under a

conventional parametric specification. We re-estimate the

baseline OLS model (Equation 3) augmented with two-way
interaction terms:

FCR; = a + f1Brand; + B2TechService; + S3Mode;
+71(Brand; x Mode;) + v2(TechService; x Mode;)
+X0+ pp + 7 + 4,

where ~; and v, capture the differential effects of branding

and technical services in industrialized versus traditional

farms. If the symmetric reversal is genuine, we expect
~1 > 0 (branding less effective in industrialized farms) and

2 < 0 (technical services more effective in industrialized

farms).

Table 9 reports three specifications: Column (1) includes
only the Brand x Mode interaction; Column (2) includes
only the Tech Service x Mode interaction; Column (3) in-
cludes both interactions simultaneously. All specifications
control for the full covariate set, province fixed effects, year
fixed effects, and cluster standard errors at the province x
year level.
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Interpretation. The joint specification (Column 3) re-
veals asymmetric evidence for the two treatments. The Tech
Service x Mode interaction is negative and highly significant
(-0.333, p = 0.006), confirming that technical services re-
duce FCR by an additional 0.33 units in industrialized farms
relative to traditional farms. This parametric estimate
aligns with the PSM-based difference: the subsample ATTs
imply a differential of (-0.372) - (-0.170) = -0.202, which
is directionally consistent despite differences in estimation
strategy.

In contrast, the Brand x Mode interaction is positive but
statistically insignificant (+0.060, p = 0.645). The point esti-
mate suggests that branding is 0.06 FCR units less effective
in industrialized farms, consistent with the PSM finding
that the Brand ATT is near zero in the industrialized sub-
sample. However, the lack of statistical significance indi-
cates that OLS—constrained by linearity and homoskedas-
ticity assumptions—has insufficient power to detect this
heterogeneity in the relatively small industrialized subsam-
ple (N = 134). The PSM estimator, by constructing a locally
balanced comparison and allowing for non-linear propen-
sity score effects, is better suited to uncover treatment-ef-
fect heterogeneity in small subsamples.>!

Marginal effects: To facilitate comparison with the PSM
ATTs, we compute treatment effects conditional on produc-
tion mode from the joint specification:

Treatment x Mode OLS Marginal PSMATT
Effect

Brand at % B -

Traditional 0185 0.532

Brand at -0.185+0.060 = -0

Industrialized -0.125 (n.s.)

Tech Service at -0.170

Traditional -0.127(ns) (n.s.)

Tech Service at -0.127-0.333 = xx

Industrialized ~0.460" -0372

The OLS and PSM estimates agree qualitatively on the
direction and statistical significance of the Tech Service het-
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Table 10. Rosenbaum Bounds Sensitivity Analysis

Treatment x Mode ATT (NN1) Critical I
Brand x Traditional -0.528*** >3.0
Tech Service x Industrialized -0.376*** =28
Tech Service x Traditional -0.277** >3.0
Brand x Industrialized =0 n.a.

erogeneity. For branding, OLS detects a marginally signif-
icant effect in traditional farms (p = 0.08) but underesti-
mates the magnitude relative to PSM (-0.185 vs. —0.532),
likely because OLS imposes a linear functional form that
averages over non-linear selection patterns. The conver-
gence of the two methods on the sign and significance
pattern—despite their different identifying assump-
tions—strengthens confidence that the symmetric reversal
is not a methodological artifact.

R2. SENSITIVITY TO HIDDEN BIAS: ROSENBAUM BOUNDS

The PSM estimates rely on the conditional independence
assumption (CIA): conditional on observed covariates,
treatment assignment is as good as random. If unobserved
factors simultaneously affect both treatment adoption and
FCR, the ATT estimates may be biased. Rosenbaum
bounds>? quantify how strong such hidden bias would need
to be to overturn the conclusions.

The sensitivity parameter I represents the odds ratio of
differential treatment assignment due to unobserved fac-
tors. [ = 1 corresponds to the CIA (no hidden bias); ' = 2
means that two observationally identical farmers could dif-
fer in their odds of treatment by a factor of 2 due to unob-
servables. For each subsample-treatment combination, we
report the critical I at which the upper-bound p-value first
exceeds 0.10, rendering the ATT statistically insignificant
(Table 10).

All significant ATTs withstand I > 2.8, well above the I
> 2.0 benchmark for “strong robustness” in observational
studies®2:53 (Table 10). Invalidating the core findings would
require an unobserved confounder that nearly triples the
odds of treatment adoption while being perfectly correlated
with FCR—implausible given the richness of our covariate
set.

SUMMARY

Both checks support the symmetric reversal as a genuine
feature of the data. OLS independently replicates the Tech
Service heterogeneity at the 1% level and reproduces the
qualitative pattern for branding; Rosenbaum bounds con-
firm that the PSM estimates are insensitive to plausible lev-
els of hidden bias. The heterogeneous effects documented
in Section 6.3.3 thus reflect true complementarities be-
tween intervention type and production technology rather
than methodological artifacts.
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1. MAIN CONCLUSIONS

Using farm-level survey data from 222 Litopenaeus van-
namei farms across four major Chinese producing provinces
over 2016-2023 (n = 382), this study identifies the effects of
two managerial inputs—branded-feed adoption and techni-
cal-service access—on the feed conversion ratio (FCR), and
tests whether their effectiveness depends on the produc-
tion regime. Four conclusions emerge.

First, both managerial inputs improve feed-use effi-
ciency on average. Pooled-sample PSM estimates indicate
that branded feed and technical services each lower FCR
by approximately 0.24-0.31 units, equivalent to a 15-20%
reduction in feed waste per kilogram of shrimp harvested.
The OLS baseline and unconditional mean comparisons
corroborate these magnitudes, supporting H1 and H2.

Second, the average effects mask a sharp regime-depen-
dent reversal. Among traditional pond farmers, branded
feed substantially reduces FCR (ATT = -0.528, p < 0.01),
whereas technical services have no significant effect.
Among industrialized farmers, the pattern reverses en-
tirely: technical services significantly reduce FCR (ATT =
-0.376, p < 0.01) while branded feed has no detectable ef-
fect. This symmetric reversal—confirmed by OLS interac-
tion tests (Tec x Mode = -0.333, p < 0.01) and robust to
Rosenbaum bounds up to ' = 2.8-3.0—supports H3 and H4.

Third, the evidence validates a complementarity-match-
ing mechanism. Consistent with the theory of con-
straints,%0 the marginal value of a modern input depends
on whether it relieves the binding constraint of the pre-
vailing production regime. In traditional ponds, where feed
quality is the dominant bottleneck, branded feed delivers
large efficiency gains; in industrialized systems, where feed
quality is already standardized but operational complexity
and biosecurity risks bind, technical services become the
critical lever. Inputs deployed against non-binding con-
straints yield negligible returns.

Fourth, the findings extend the FCR literature from bi-
ology to behavior. While the existing literature on shrimp
FCR is dominated by nutritional experiments and breeding
trials, this study provides multi-province commercial-farm
evidence that managerial inputs and production organiza-
tion are first-order determinants of feed efficiency, and that
their effectiveness cannot be assessed independently of the
production context.
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7.2. POLICY RECOMMENDATIONS

The complementarity-matching framework implies that
uniform extension policy is inefficient; targeted designs
aligned with the binding constraint of each regime will
yield substantially higher returns. Four recommendations
follow.

(1) Differentiate extension priorities by production
regime. Existing agricultural extension and aquaculture
support programs in China typically promote branded in-
puts and technical training together. The evidence here
suggests they should be decoupled and targeted. For tradi-
tional pond farmers, prioritize subsidies, certification, and
quality-assurance mechanisms that lower the effective cost
of branded commercial feed (e.g., cooperative bulk procure-
ment, transparent ingredient labeling, anti-counterfeiting
traceability). For industrialized farmers, prioritize the de-
livery of specialized technical services—water-quality mon-
itoring, disease early-warning, biosecurity protocols, and
on-site consulting—rather than further feed-quality inter-
ventions, whose marginal returns are already exhausted.

(2) Strengthen feed-quality regulation in traditional re-
gions. Because traditional pond farmers benefit most from
branded feed, the social return to stricter feed-quality reg-
ulation, mandatory disclosure of nutrient composition, and
crackdowns on counterfeit feed is highest in regions dom-
inated by traditional outdoor ponds (e.g., parts of Jiangsu,
Hebei). Regulatory resources should be allocated accord-
ingly.

(3) Professionalize technical-service delivery for inten-
sive aquaculture. Industrialized shrimp farming—green-
house, recirculating, and high-standard intensive sys-
tems—is expanding rapidly under the 14th Five-Year Plan’s
“green and healthy aquaculture” agenda. Our results sug-
gest this expansion will not realize its efficiency potential
without commensurate investment in a professional tech-
nical-service workforce, including certified aquaculture ex-
tension officers, veterinary technicians, and water-quality
engineers. Public—private partnerships with feed compa-
nies, equipment vendors, and producer associations can ex-
tend service coverage cost-effectively.

(4) Align fiscal incentives with the matching principle.
Existing subsidies that uniformly reward “modernization”
risk wasting public funds on inputs deployed against non-
binding constraints. We recommend a regime-conditional
subsidy structure: branded-feed subsidies concentrated in
traditional-regime areas, and technical-service vouchers
concentrated in industrialized clusters. Such targeting
would amplify the FCR-reduction effect per unit of fiscal
outlay, simultaneously advancing the goals of cost reduc-
tion, feed-resource conservation, and nutrient-discharge
mitigation.

7.3. LIMITATIONS AND FUTURE RESEARCH

Three limitations qualify the present findings and define an
agenda for future work.

(1) Identification of observables. PSM addresses self-se-
lection on observed covariates but cannot fully eliminate
bias from time-varying unobservables. Rosenbaum bounds
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indicate that overturning the core results would require an
unobserved confounder nearly tripling the odds of treat-
ment adoption (I = 2.8-3.0)—implausible but not impossi-
ble. Future work with credible instruments (e.g., variation
in extension-station rollout, feed-mill entry) or panel de-
signs with farm fixed effects would strengthen causal iden-
tification.

(2) Measurement of stocked biomass. The 0.38 g stan-
dardized stocking weight (Section 4.2) may introduce mea-
surement error if true stocking sizes vary systematically
across regions or production regimes. Future surveys
should record farm-specific juvenile body weights at stock-
ing, and sensitivity analysis using alternative stocking-
weight assumptions would help bound the resulting bias.

(3) Geographic and species scope. The four-province
sample, while covering northern, eastern, and southern
coastal aquaculture zones, does not include inland or
southwestern producing regions. Whether the complemen-
tarity-matching framework generalizes to other shrimp
species (Penaeus monodon, Macrobrachium rosenbergii) or to
finfish aquaculture remains an open question. Extending
the framework to other Asian shrimp-producing economies
(Vietnam, Thailand, Indonesia, India) would also test the
external validity of the binding-constraint logic and inform
regional sustainability policy under the FAO Blue Transfor-
mation agenda.

Beyond these limitations, three research extensions ap-
pear promising: (i) quantifying the environmental co-ben-
efits of regime-targeted interventions—particularly nitro-
gen and phosphorus discharge reductions associated with
lower FCR; (ii) examining dynamic adoption pathways, es-
pecially whether traditional farms transitioning to industri-
alized systems experience a corresponding shift in the mar-
ginal value of feed vs. service inputs; and (iii) integrating
profitability and risk outcomes alongside FCR, since farm-
ers ultimately optimize over economic returns, not feed ef-
ficiency alone.
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