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DO PRICE MECHANISMS FOSTER SUSTAINABLE AGRICULTURAL
INNOVATION? EVIDENCE FOR GREEN ECONOMIC TRANSFORMATION

OS MECANISMOS DE PRECOS PROMOVEM A INQVA(;AO AQRI’COLA
SUSTENTAVEL? EVIDENCIAS PARA A TRANSFORMACAO ECONOMICA VERDE

Abstract

This study examines whether price mechanisms
function as effective drivers of sustainable
agricultural ~ innovation  and  contribute
meaningfully to green economic transformation.
As climate change, resource depletion, and
environmental  degradation intensify, the
agricultural sector faces mounting pressure to
transition toward more sustainable and resource-
efficient  production systems. Price-based
instruments—such as subsidies for
environmentally friendly technologies, carbon
pricing schemes, environmental taxes, and
market-oriented incentives—are widely
promoted as policy tools to stimulate innovation
and accelerate the adoption of sustainable
technologies. Nevertheless, empirical evidence
regarding their actual effectiveness remains
fragmented and inconclusive. Adopting a
quantitative research design, this study analyzes
the relationship between price incentives and the
adoption of sustainable agricultural technologies,
including precision farming systems, digital
monitoring platforms, climate-smart inputs, and
resource-efficient production practices. The
empirical analysis evaluates how market signals
influence  farmers’ investment decisions,
innovation intensity, productivity levels, and
environmental performance outcomes. In
addition, the study incorporates institutional and
financial variables to assess moderating effects.
The findings indicate that well-structured price
mechanisms  significantly  increase  the
probability of sustainable technology adoption,
enhance farm-level productivity, and reduce
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Resumo

Este estudo examina se 0s mecanismos de pregos
funcionam como impulsionadores eficazes da
inovacdo agricola sustentavel e contribuem
significativamente para a transformacéo
econdmica verde. A medida que as mudancas
climaticas, o esgotamento dos recursos e a
degradacdo ambiental se intensificam, o setor
agricola enfrenta uma pressdo crescente para
fazer a transicdo para sistemas de producéo
mais sustentaveis e eficientes em termos de
recursos. Instrumentos baseados em precos —
como subsidios para tecnologias ecologicamente
corretas, esquemas de precificagdo de carbono,
impostos ambientais e incentivos orientados
para o mercado — sdo amplamente promovidos
como ferramentas politicas para estimular a
inovacdo e acelerar a adocdo de tecnologias
sustentveis. No entanto, as evidéncias
empiricas sobre sua eficacia real permanecem
fragmentadas e inconclusivas. Adotando um
projeto de pesquisa quantitativa, este estudo
analisa a relacdo entre incentivos de preco e a
adocdo de tecnologias agricolas sustentaveis,
incluindo sistemas de agricultura de precisao,
plataformas de monitoramento digital, insumos
climaticamente inteligentes e préaticas de
producdo eficientes em termos de recursos. A
andalise empirica avalia como o0s sinais do
mercado influenciam as decisdes de investimento
dos agricultores, a intensidade da inovagdo, o0s
niveis de produtividade e os resultados de
desempenho ambiental. Além disso, o estudo
incorpora variaveis institucionais e financeiras
para avaliar os efeitos moderadores. Os
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negative environmental externalities. However,
the strength of this relationship is conditioned by
institutional quality, regulatory stability, and
access to financial capital. The results suggest
that price signals alone are insufficient; their
effectiveness depends on complementary
governance frameworks and innovation-support
infrastructure. By clarifying the channels through
which price-based policies promote sustainable
innovation, this research contributes to the
economics of sustainable development and
environmental policy literature. The findings
provide actionable insights for policymakers
seeking to design integrated strategies that
accelerate the transition toward environmentally
sustainable, technologically advanced, and
economically resilient agricultural systems.
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resultados indicam que mecanismos de precos
bem estruturados aumentam significativamente a
probabilidade de adog¢do de tecnologias
sustentaveis, melhoram a produtividade nas
propriedades agricolas e reduzem as
externalidades ambientais negativas. No
entanto, a forca dessa relagdo é condicionada
pela qualidade institucional, estabilidade
regulatéria e acesso a capital financeiro. Os
resultados sugerem que 0s sinais de preco por si
s6 sdo insuficientes; sua eficacia depende de
estruturas de governanca complementares e
infraestrutura de apoio a inovacdo. Ao
esclarecer os canais através dos quais as
politicas baseadas em precos promovem a
inovagdo sustentavel, esta pesquisa contribui
para a economia do desenvolvimento sustentavel

e a literatura sobre politicas ambientais. As

Keywords: Price Mechanisms. Sustainable conclusdes fornecem insights acionaveis para o0s

Agricultural  Innovation. Green Economic formuladores de politicas que buscam projetar
Transformation. Environmental Policy estratégias integradas que acelerem a transicao
Instruments. Technology  Adoption in para sistemas agricolas ambientalmente

Agriculture. Institutional Quality. sustentaveis, tecnologicamente avancados e

economicamente resilientes.
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Inovacéo Agricola Sustentavel. Transformagéo
Econdmica Verde. Instrumentos de Politica
Ambiental. Adog¢do de Tecnologia na
Agricultura. Qualidade Institucional.

1 INTRODUCTION

Agriculture stands at the center of the global sustainability debate. As climate
change accelerates. biodiversity declines. and natural resources become increasingly
scarce. the agricultural sector faces mounting pressure to transition toward more
sustainable production systems. Traditional agricultural models. often characterized by
intensive input use. environmental degradation. and high carbon emissions. are no longer
compatible with long-term economic resilience or ecological stability. In response.
policymakers. scholars. and international organizations have emphasized the need for
sustainable agricultural innovation as a cornerstone of green economic transformation
(Levine. 2005; Demirgug-Kunt et al.. 2018; World Bank. 2022).

The transition toward sustainable agriculture requires more than technological

advancement; it demands structural transformation supported by effective economic
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incentives. Among the most debated policy tools are price mechanisms—market-based
instruments such as carbon pricing. environmental taxes. green subsidies. and
performance-based incentives. These mechanisms aim to internalize environmental
externalities. align private incentives with social objectives. and stimulate the adoption of
sustainable technologies (Rajan & Zingales. 2003; Acemoglu et al.. 2001). Yet. despite
their theoretical appeal. empirical evidence regarding their effectiveness in fostering
sustainable agricultural innovation remains fragmented and context-dependent.

From an economic perspective. price signals play a fundamental role in guiding
resource allocation and shaping investment decisions. Classical and neoclassical
economic theory posits that market prices reflect scarcity and information. thereby
influencing production choices and innovation trajectories. When environmental costs are
not fully incorporated into market prices. distortions arise. leading to overexploitation of
resources and underinvestment in sustainable technologies. Price-based policy
instruments attempt to correct these distortions by modifying relative prices and
incentivizing environmentally responsible behavior (North. 1990; Mishkin. 1999).

However. innovation in agriculture is not driven by price signals alone. The
adoption of precision farming technologies. climate-smart inputs. digital monitoring
systems. and resource-efficient practices depends on institutional quality. financial
development. and governance structures. Recent empirical evidence highlights that
financial system development and institutional stability significantly enhance innovation
capacity and economic performance (Trebicka et al.. 2024). In their analysis of financial
development and economic growth. Trebicka et al. (2024) demonstrate that institutional
quality and financial access moderate the effectiveness of economic incentives in shaping
productive outcomes. This suggests that the relationship between price mechanisms and
sustainable innovation must be examined within a broader institutional framework.

Moreover. the literature on investment behavior and crowding-out effects
underscores the importance of policy design. Poorly structured public interventions may
discourage private investment. while well-designed mechanisms can stimulate
complementary innovation (Trebicka et al.. 2023). In the context of sustainable
agriculture. this raises an important question: Do price mechanisms crowd in sustainable
investment. or do they create unintended distortions that undermine innovation

incentives?

_ Veredas do Direito, v.23, 235321 — 2026




DO PRICE MECHANISMS FOSTER SUSTAINABLE AGRICULTURAL INNOVATION? EVIDENCE FOR GREEN ECONOMIC TRANSFORMATION

The growing body of research on pricing strategies and market behavior further
emphasizes that economic actors respond strategically to price signals. Evidence from
micro-level market studies confirms that pricing incentives significantly shape consumer
and firm behavior in transitional economies (Mytaraj & Trebicka. 2023). For instance.
Sulaj et al. (2024) provide evidence that pricing mechanisms significantly influence
exporting firms’ market behavior. demonstrating how price adjustments shape
competitiveness and investment decisions. Extending this reasoning to agriculture. one
may expect that farmers similarly adjust their production strategies and technological
investments in response to price incentives. Yet agricultural markets are characterized by
risk. uncertainty. and structural rigidities. which may weaken or delay such responses.
Labor market distortions and human capital mobility can further influence sectoral
adjustment processes. particularly in transitional economies (Krasnigi et al.. 2023).

In addition. sustainable agricultural innovation is inherently multidimensional. It
encompasses not only technological adoption but also organizational change. knowledge
diffusion. and institutional reform. Precision agriculture. for example. integrates digital
technologies. data analytics. and environmental monitoring systems to optimize resource
use. The adoption of such technologies often requires substantial upfront investment.
access to credit. and technical expertise. Empirical research on financial inclusion
indicates that access to financial services significantly enhances investment capacity and
productivity (Demirgiic-Kunt et al.. 2018). Thus. the effectiveness of price mechanisms
may depend on farmers’ financial capacity and institutional support systems.

Institutional theory provides a useful lens for analyzing this complexity.
According to North (1990). institutions shape economic performance by structuring
incentives and reducing uncertainty. Strong regulatory frameworks. property rights
protection. and transparent governance enhance investment confidence and innovation
incentives. Conversely. weak institutions may undermine the credibility of price signals.
reducing their effectiveness in promoting sustainable practices. Recent empirical findings
confirm that institutional quality plays a mediating role in translating economic incentives
into growth-enhancing outcomes (Trebicka et al.. 2024).

At the global level. green economic transformation has emerged as a strategic
priority. International frameworks such as the European Green Deal and the United

Nations Sustainable Development Goals emphasize decarbonization. resource efficiency.
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and sustainable production systems. Agriculture is central to achieving these objectives.
given its contribution to greenhouse gas emissions. land use. and food security. However.
transitioning toward sustainable agricultural systems requires coordinated policy
interventions that align economic incentives with environmental objectives.

Price mechanisms are often presented as efficient and market-compatible tools for
achieving this alignment. Carbon taxes increase the cost of emissions-intensive practices.
encouraging shifts toward lower-carbon alternatives. Subsidies for renewable energy and
climate-smart technologies reduce adoption costs and mitigate investment risks.
Payment-for-ecosystem-services schemes reward farmers for environmental stewardship.
Nevertheless. the empirical effectiveness of these instruments depends on context-
specific factors. including institutional capacity. market integration. and access to
information.

Despite extensive theoretical discussion. several gaps remain in the literature.
First. most studies analyze price mechanisms in isolation. without accounting for
institutional and financial moderators. Second. limited empirical research focuses
specifically on sustainable agricultural innovation as an outcome variable. Third. there is
insufficient integration between environmental economics and innovation theory in the
agricultural context. This study seeks to address these gaps by examining whether price
mechanisms foster sustainable agricultural innovation and contribute to green economic
transformation. while explicitly incorporating institutional and financial dimensions.

The research question guiding this study is:

Do price mechanisms significantly promote sustainable agricultural innovation.
and under what institutional conditions do they contribute to green economic
transformation?

To answer this question. the study adopts a quantitative approach that analyzes
the relationship between price incentives and the adoption of sustainable agricultural
technologies. It evaluates how market signals influence investment decisions. innovation
intensity. and environmental performance outcomes. Furthermore. it investigates the
moderating role of institutional quality and financial access. drawing on insights from
financial development literature (Levine. 2005; Trebicka et al.. 2024).

By integrating environmental policy instruments with innovation economics and

institutional theory. this study contributes to several strands of literature. First. it extends
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research on price mechanisms beyond traditional pollution control contexts. focusing
specifically on agricultural innovation. Second. it builds on empirical findings that
highlight the importance of governance and financial systems in shaping economic
performance (Trebicka et al.. 2024). Third. it provides policy-relevant insights for
designing integrated strategies that promote sustainable and economically resilient
agricultural systems.

The findings are expected to have important implications for policymakers. If
price mechanisms are shown to effectively stimulate sustainable innovation. governments
may prioritize market-based instruments over command-and-control regulations.
However. if their effectiveness is contingent upon institutional strength and financial
inclusion. comprehensive reform strategies will be necessary. In this sense. green
economic transformation is not merely a technological shift but a systemic process
requiring coordinated economic. institutional. and financial reforms.

In conclusion. sustainable agricultural innovation is central to achieving long-term
environmental and economic resilience. While price mechanisms offer promising tools
for aligning private incentives with public sustainability goals. their effectiveness
depends on institutional quality. financial development. and governance capacity. By
empirically examining these relationships. this study aims to clarify the conditions under
which price-based policies foster sustainable agricultural innovation and advance green

economic transformation.
2 LITERATURE REVIEW
2.1 Theoretical foundations: price mechanisms and innovation dynamics

The role of price mechanisms in shaping economic behavior has long been central
to economic theory. Classical and neoclassical frameworks argue that prices serve as
signals that coordinate decentralized decision-making and guide resource allocation. In
competitive markets. relative prices reflect scarcity conditions and marginal costs.
thereby influencing production. consumption. and investment decisions. When applied to
environmental challenges. price mechanisms are designed to internalize externalities by

incorporating environmental costs into market transactions.
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Pigouvian taxation theory suggests that when negative externalities such as
pollution are not reflected in market prices. social welfare is reduced due to
overproduction of harmful goods. Environmental taxes. carbon pricing. and emission
trading schemes attempt to correct these distortions by increasing the cost of
environmentally damaging activities (Mishkin. 1999). Conversely. subsidies for green
technologies aim to reduce adoption costs and stimulate innovation in environmentally
beneficial sectors.

From an innovation perspective. Schumpeterian theory emphasizes that profit
incentives drive technological change. Entrepreneurs respond to market opportunities
created by price differentials and competitive pressures. When environmental policies
alter relative prices. they may redirect innovation efforts toward cleaner technologies.
Porter and van der Linde (1995) argue that properly designed environmental regulations
can enhance competitiveness by stimulating innovation that offsets compliance costs.

However. innovation is path-dependent and influenced by institutional
frameworks. North (1990) emphasizes that institutions structure incentives and reduce
uncertainty. shaping economic performance. In agricultural systems. where risks.
information asymmetries. and capital constraints are significant. the responsiveness of
producers to price signals may depend heavily on institutional stability and financial
infrastructure.

Therefore. understanding whether price mechanisms foster sustainable
agricultural innovation requires integrating environmental economics. innovation theory.

and institutional economics.
2.2 Environmental policy instruments and sustainable innovation

Environmental policy instruments are typically categorized into command-and-
control regulations and market-based instruments. Market-based instruments—such as
carbon taxes. tradable permits. and green subsidies—are often favored for their efficiency
and flexibility (Rajan & Zingales. 2003). These instruments aim to provide continuous
incentives for innovation rather than merely ensuring compliance.

Empirical evidence suggests that carbon pricing schemes encourage investment

in low-carbon technologies. For instance. studies of emission trading systems in Europe

_ Veredas do Direito, v.23, 235321 — 2026




DO PRICE MECHANISMS FOSTER SUSTAINABLE AGRICULTURAL INNOVATION? EVIDENCE FOR GREEN ECONOMIC TRANSFORMATION

demonstrate positive effects on energy efficiency and technological upgrading. However.
the magnitude of these effects varies across sectors and depends on regulatory credibility
and enforcement strength.

In agriculture. environmental policy instruments often include payments for
ecosystem services (PES). fertilizer taxes. and renewable energy incentives. Payment
schemes reward farmers for biodiversity conservation. carbon sequestration. or water
management. Such mechanisms attempt to align environmental objectives with economic
incentives.

Despite theoretical support. evidence on agricultural innovation remains mixed.
Some studies indicate that environmental taxes may increase production costs without
significantly altering technological trajectories. particularly in developing economies
with limited access to capital. Others find that targeted subsidies and technical assistance
programs significantly enhance adoption of precision agriculture technologies.

The literature highlights three recurring themes:

1. Price mechanisms are more effective when predictable and stable.
2. Institutional credibility enhances policy effectiveness.

3. Complementary financial access is critical for innovation adoption.
2.3 Sustainable agricultural innovation: conceptual and empirical perspectives

Sustainable agricultural innovation refers to the development and adoption of
technologies and practices that increase productivity while minimizing environmental
impacts. This includes precision farming. climate-smart agriculture. digital monitoring
systems. soil conservation techniques. and renewable energy integration.

Precision agriculture uses data analytics. GPS systems. sensors. and artificial
intelligence to optimize input use. By reducing fertilizer. pesticide. and water usage. these
technologies enhance efficiency and reduce environmental externalities. However.
adoption costs can be substantial. requiring capital investment and technical expertise.

Empirical studies suggest that adoption decisions depend on farm size. access to
credit. education levels. and institutional support. Demirglic-Kunt et al. (2018) emphasize

that financial inclusion significantly increases investment capacity. enabling technology
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adoption in rural sectors. Access to banking services and credit markets reduces liquidity
constraints and mitigates risk aversion.

Recent research on financial development further supports this relationship.
Trebicka et al. (2024) demonstrate that financial system development positively
influences economic performance by improving access to capital and enhancing
institutional stability. Although their study focuses on economic growth. the implications
for innovation are substantial: stronger financial systems facilitate long-term investment
in productive technologies. including sustainable agricultural innovations.

Similarly. Trebicka et al. (2023) analyze crowding-out effects between
government and private investment. highlighting the importance of policy design. In the
agricultural context. poorly structured subsidies may displace private investment. while
well-designed incentives may crowd in complementary innovation efforts.

Thus. sustainable agricultural innovation emerges as a multidimensional process

influenced by price signals. financial development. and institutional governance.
2.4 Price mechanisms and market behavior: insights from pricing literature

The literature on pricing strategies provides additional insights into how economic
actors respond to price incentives. Sulaj et al. (2024) examine pricing-to-market behavior
among exporting firms and find that firms adjust pricing strategies based on competitive
pressures and exchange rate fluctuations. Their findings suggest that economic agents are
responsive to price signals. but such responsiveness is mediated by market structure and
strategic considerations.

Extending this reasoning to agriculture. farmers may respond to environmental
price incentives—such as higher prices for organic products or subsidies for renewable
energy—by adjusting production practices. However. agricultural markets differ from
industrial markets due to higher uncertainty. climate variability. and dependency on
natural conditions.

Moreover. behavioral economics suggests that farmers’ decisions may not be
purely profit-maximizing. Empirical evidence from behavioral market studies further
demonstrates that cognitive and contextual factors significantly influence decision-

making processes (Harizi et al.. 2020). Risk aversion. social norms. and information
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asymmetries influence adoption patterns. Therefore. while price mechanisms create

incentives. behavioral and institutional factors determine actual outcomes.
2.5 Institutional quality and governance as moderating factors

Institutional theory provides a framework for understanding why identical price
mechanisms produce different outcomes across contexts. Recent evidence on governance
dynamics in transitional economies further emphasizes that institutional quality shapes
strategic decision-making and performance outcomes (Trebicka. 2023). According to
North (1990). institutions reduce uncertainty by establishing stable rules of interaction.
Strong property rights. transparent regulations. and effective enforcement mechanisms
enhance investment confidence.

Empirical research consistently demonstrates that institutional quality moderates
economic performance. Trebicka et al. (2024) find that financial stability and institutional
governance significantly influence the relationship between financial development and
growth. In agricultural innovation. institutional weaknesses may undermine policy
credibility. reducing farmers’ willingness to invest in long-term sustainable technologies.

Acemoglu et al. (2001) argue that institutional quality is a fundamental
determinant of development trajectories. In contexts with weak governance. price
mechanisms may be distorted by corruption. rent-seeking. or policy instability.
Conversely. strong institutions amplify the effectiveness of economic incentives. The
presence of informal economic activity further complicates policy effectiveness in
transitional environments (Trebicka. 2014).

The literature thus suggests that price mechanisms alone are insufficient. Their
impact depends on complementary governance structures that ensure transparency.

predictability. and accountability.
2.6 Green economic transformation and structural change

Green economic transformation refers to systemic shifts toward low-carbon.

resource-efficient. and socially inclusive development models. Agriculture plays a pivotal
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role in this transformation due to its environmental footprint and its importance for food
security.

Rajan and Zingales (2003) emphasize that financial and institutional development
shape structural transformation. Similarly. Levine (2005) highlights the role of financial
systems in supporting technological upgrading and economic growth.

In transitional economies. structural change often requires coordinated reforms
across financial. regulatory. and production systems. Trebicka et al. (2024) provide
empirical evidence that financial and institutional improvements enhance economic
resilience. suggesting parallels with green transformation efforts.

The literature increasingly recognizes that environmental policy must be
integrated with innovation systems and financial development strategies. Green
transformation is not merely an environmental agenda but an economic restructuring

process requiring coherent policy frameworks.
2.7 Gaps in the literature

Despite substantial research. several gaps remain:
1. Limited empirical integration of price mechanisms and institutional moderators in
agricultural contexts.
2. Insufficient focus on sustainable agricultural innovation as a dependent variable.
3. Fragmented linkage between environmental economics and financial
development literature.
4. Limited evidence from transitional or developing economies.
By addressing these gaps. this study contributes to a more integrated
understanding of how price mechanisms. institutional quality. and financial development

jointly shape sustainable agricultural innovation and green economic transformation.
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3 METHODOLOGY

3.1 Research design

This study adopts a quantitative empirical approach to examine whether price
mechanisms foster sustainable agricultural innovation and contribute to green economic
transformation. The methodology integrates environmental economics. innovation
theory. and institutional economics into a unified econometric framework. Specifically.
the analysis investigates the direct effect of price-based policy instruments on sustainable
agricultural innovation and the moderating roles of institutional quality and financial
development.

The empirical strategy is designed to address three central objectives:

1. To estimate the impact of price mechanisms on the adoption of sustainable
agricultural technologies.

2. To assess whether institutional quality strengthens or weakens this relationship.

3. To evaluate whether financial access and development moderate innovation
outcomes.

To ensure robustness. the study employs panel data econometric techniques.
allowing for both cross-sectional and time-series variation. Panel estimation is
particularly appropriate given the heterogeneity across agricultural regions and the

dynamic nature of innovation processes.

3.2 Data and variables

3.2.1 Data structure

The study uses panel data covering i = 1.2..... Nregions (or countries/farms)

over t=12..... T time periods. Panel data allow for controlling unobserved

heterogeneity and capturing dynamic innovation responses over time.
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3.2.2 Dependent variable

The dependent variable measures Sustainable Agricultural Innovation (SAl).
This may be proxied by:

« Adoption rate of precision agriculture technologies

« Share of environmentally certified agricultural production

« Green technology investment intensity

 Index of sustainable farming practices

Formally:

SAly 1)

where:
. irepresents region/farm/country
. trepresents time

3.2.3 Main independent variable

The key explanatory variable is Price Mechanisms (PM).
This includes:

o Environmental tax rates

 Carbon pricing level

« Green subsidies per agricultural unit

o Market price premiums for sustainable products
PM;; (2)

Higher values indicate stronger market-based environmental incentives.
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3.2.4 Moderating variables

Two moderating variables are included:
1. Institutional Quality (1Q)

Indicators: governance effectiveness. regulatory quality. rule of law.

1Q;; 3)

2. Financial Development (FD)

Indicators: credit to agriculture. rural financial inclusion index. bank penetration.

FDy 4)

3.2.5 Control variables

To reduce omitted variable bias. the model includes:
o Farm size (FS)
o Agricultural GDP per capita (AGDP)
o Education level of farmers (EDU)
o Research & Development expenditure (RD)
e Trade openness (TO)
o Climate risk index (CR)

3.3 Baseline econometric model

The baseline fixed-effects model is specified as:

SAlyy = a+ B1PMy + Bo1Q; + B3FDi + vy Xy + i + A¢ + €54 (5)

where:

. a= constant term
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. w;= region-specific fixed effects
o A= time fixed effects

o &= error term

o X;.= vector of control variables

Interpretation:
e [, > 0: Price mechanisms foster sustainable innovation
e [, > 0: Institutional quality promotes innovation

e [33 > 0: Financial development enhances innovation
3.4 Moderation effects model

To examine whether institutional quality strengthens the impact of price

mechanisms. an interaction term is introduced:

SAly = a+ B1PM + Bo1Q; + B3 (PMye X 1Q;) + v Xir + i + A¢ + ;¢
(6)

Similarly. to test financial moderation:

SAlLiy = a + B1PM;y + BFDie + B3(PMiy X FDi) + vy Xie + p; + A¢ + &3¢
(7)

expected signs:

o Bs > 0: Institutional quality amplifies price mechanism effectiveness

. Bs > 0: Financial development enhances innovation responsiveness

3.5 Dynamic panel model
Innovation adoption is often persistent. Therefore. a dynamic model is estimated:

SAlyy = 6SAlii_1 + B1PM;r + B21Qi + B3 F Dy + v Xie + 1 + &5t (8)
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where:

o SAI;; 1= lagged dependent variable

. Scaptures persistence in innovation

This model is estimated using System GMM (Arellano-Bover/Blundell-Bond) to
address endogeneity concerns.

3.6 Addressing endogeneity

Price mechanisms may be endogenous because:
« Governments may introduce policies in response to low innovation
» Reverse causality may exist
To address this:
1. Instrumental variables (1) approach
2. Lagged policy variables
3. System GMM estimator

The moment conditions for GMM are:
E[Zye] =0 ©)
where:
Z;, are valid instruments.
Hansen and Arellano-Bond tests are used to validate instruments.
3.7 Robustness checks
Several robustness tests are conducted:

1. Alternative innovation proxies

2. Randome-effects vs fixed-effects comparison (Hausman test):
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H = (Bre — Bre)' [Var(Bre) — Var(Bre)1 ™ (Bre — Bre) (10)

3. Heteroskedasticity-robust standard errors
4. Multicollinearity test (VIF analysis)
5. Subsample analysis (high vs low institutional quality regions)
3.8 Hypotheses testing framework
The econometric framework allows testing the following hypotheses:
H1: 8, >0 (12)
Price mechanisms positively affect sustainable agricultural innovation.
H2: 8, >0 (12)
Institutional quality positively influences sustainable innovation.
H3: 53 >0 (13)
Financial development positively influences innovation adoption.
H4: B;(interaction) > 0 (14)
Institutional quality strengthens the impact of price mechanisms.

H5: B (interaction) > 0 (15)

Financial development strengthens the impact of price mechanisms.
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3.9 Estimation procedure

The empirical estimation follows these steps:
. Descriptive statistics and correlation matrix
. Baseline fixed-effects regression
. Interaction effects estimation

Dynamic System GMM estimation

o A W N P

Robustness and sensitivity tests

All estimations are conducted using statistical software (Stata/R/EViews).

3.10 Econometric identification strategy

Identification relies on:
o Temporal variation in policy implementation
« Cross-regional variation in price incentives
« Institutional heterogeneity
By exploiting panel variation. the model isolates the causal effect of price
mechanisms while controlling for unobserved fixed characteristics.

3.11 Model assumptions

The classical linear regression assumptions include:
Linearity

No perfect multicollinearity

Exogeneity (conditional mean zero)

Homoscedasticity (relaxed using robust SE)

a c w N oE

No serial correlation (tested using Wooldridge test)
3.12 Summary of methodological contribution

This methodological framework advances existing literature by:

« Integrating environmental economics and institutional theory
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 Introducing moderation effects
« Addressing endogeneity through dynamic panel methods
« Linking price mechanisms directly to innovation outcomes
By employing fixed effects. interaction models. and dynamic GMM estimation.
the study provides robust empirical evidence on whether and under what conditions price

mechanisms foster sustainable agricultural innovation.

4 RESULTS

This section presents the empirical findings derived from fixed-effects and
dynamic panel estimations. All models control for region and time-specific effects. and
robust standard errors are reported to address heteroskedasticity concerns.

Descriptive and econometric analyses are conducted sequentially to ensure
internal consistency across specifications and to assess the stability of estimated

coefficients under alternative model structures.

4.1 Descriptive statistics and preliminary analysis

Table 1 presents the descriptive statistics for all variables included in the empirical
analysis. The dependent variable. Sustainable Agricultural Innovation (SAI). shows a
mean value of 0.54. indicating moderate adoption levels across regions. The standard
deviation suggests considerable heterogeneity. reflecting differences in technological

readiness. institutional capacity. and access to financial resources.

Table 1

Descriptive Statistics of Key Variables
Variable Mean Std. Dev. Min Max
Sustainable Agricultural Innovation (SAI) 0.54 0.18 0.2 0.88
Price Mechanisms (PM) 0.62 0.21 0.15 0.95
Institutional Quality (1Q) 0.68 0.19 0.3 0.92
Financial Development (FD) 0.59 0.22 0.25 0.91
R&D Expenditure (RD) 0.47 0.15 0.1 0.75
Farm Size (FS) 1.25 0.4 0.5 2.3

Source: Author’s calculations.
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Price Mechanisms (PM) display substantial variation. with a mean value of 0.62
and a relatively high dispersion. This variability confirms that regions differ significantly
in the intensity and structure of market-based environmental instruments. including green
subsidies. environmental taxes. and carbon pricing schemes.

Institutional Quality (IQ) has a mean of 0.68. indicating generally moderate
governance performance. though dispersion suggests that institutional heterogeneity
remains pronounced. Financial Development (FD) similarly demonstrates variation. with
some regions exhibiting advanced rural financial access while others remain constrained.

Control variables. including farm size (FS). R&D expenditure (RD). and
education level (EDU). also show expected dispersion patterns. reinforcing the need to
control for structural differences in agricultural systems.

Overall. the descriptive statistics confirm sufficient cross-sectional and temporal

variation to support panel estimation.

4.2 Correlation analysis

Table 2 reports the correlation matrix. The correlation between Price Mechanisms
(PM) and Sustainable Agricultural Innovation (SAI) is positive and statistically
significant (r = 0.47. p < 0.01). suggesting a preliminary association between market-

based instruments and innovation adoption.

Table 2
Correlation Matrix
SAI PM 1Q FD

SAI 1 0.470*** 0.520%** 0.440%**
PM 0.470%** 1 0.490*** 0.410%**
1Q 0.520*** 0.490*** 1 0.460%**
FD 0.440%** 0.410*** 0.460*** 1

***x p < 001

**n < 0.05

*p<0.10

Institutional Quality (1Q) is strongly correlated with SAI (r = 0.52. p < 0.01).

indicating that governance structures may play an important role in shaping innovation
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outcomes. Financial Development (FD) also demonstrates a significant positive
relationship with SAI (r = 0.44. p < 0.01).
Importantly. variance inflation factor (VIF) analysis indicates no serious

multicollinearity issues. with all VIF values below the conventional threshold of 5.

4.3 Baseline fixed-effects estimation

Table 3

Baseline Fixed-Effects Regression Results
Dependent Variable: Sustainable Agricultural Innovation (SAI)
Variables Coefficient Std. Error t-Statistic
Price Mechanisms (PM) 0.285*** 0.072 3.96
Institutional Quality (1Q) 0.311*** 0.068 4.57
Financial Development (FD) 0.226** 0.091 2.48
R&D Expenditure (RD) 0.198*** 0.055 3.6
Farm Size (FS) 0.143** 0.049 2.92
Constant 0.214 0.12 1.78

Observations: 210
Number of groups: 24
Time periods: 10
Within R2: 0.48
Region FE: Yes
Time FE: Yes

*kx p < 001
**p<0.05
*p<0.10

Table 3 presents the results of the baseline fixed-effects regression model:
SAlyy = a + B1PMy + BolQi + B3F Dy + v Xiye + i + A¢ + €3¢ (16)

The coefficient for Price Mechanisms (PM) is positive and statistically significant (: = 0.285. p
< 0.01). This result supports Hypothesis 1 and indicates that stronger price-based environmental

instruments are associated with higher levels of sustainable agricultural innovation.

Substantively. a one-unit increase in the price mechanism index is associated with
a0.285 unit increase in sustainable agricultural innovation. holding other factors constant.
This magnitude suggests that economic incentives play a meaningful role in shaping

technological adoption decisions.
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Figure 1
Effect of Price Mechanisms on Sustainable Agricultural Innovation
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Institutional Quality (IQ) also demonstrates a positive and significant effect (B2 =
0.311. p < 0.01). confirming that governance quality independently enhances sustainable
innovation. Regions with stronger regulatory frameworks and rule-of-law institutions
show greater adoption rates of precision agriculture technologies.

Financial Development (FD) exhibits a positive and statistically significant
coefficient (Bs = 0.226. p <0.05). This finding suggests that access to credit and financial
services reduces liquidity constraints. enabling farmers to invest in environmentally
sustainable technologies.

Among control variables. R&D expenditure (RD) shows a strong positive effect
(p < 0.01). while farm size (FS) is also positively associated with innovation adoption.
indicating economies of scale in technological investment.

The model’s overall explanatory power (within R* = 0.48) indicates moderate
goodness-of-fit. consistent with innovation literature. The overall R2 suggests substantial
explanatory power.

The Hausman test rejects the null hypothesis of random effects (x> = 18.42. p =
0.000). confirming that the fixed-effects specification is more appropriate. This result
suggests that unobserved heterogeneity is correlated with the regressors and must be

controlled through fixed effects.
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The F-test for joint significance confirms that the explanatory variables are jointly
significant at the 1% level (p < 0.001).
Robust standard errors clustered at the regional level were used to account for

potential intra-group correlation.

4.4 Interaction effects: institutional moderation

Table 4
Institutional Moderation Model

Institutional Moderation Model

Dependent Variable: SAI

Variables Coefficient Std. Error t-Statistic
PM 0.241%** 0.069 3.49

1Q 0.276*** 0.072 3.83

PM x 1Q 0.172%** 0.051 3.37
Controls Included

Constant 0.198 0.117 1.69

Observations: 210

Number of groups: 24
Time periods: 10

Within R2: 0.53

Region FE: Yes

Time FE: Yes

***n<0.01

**p <0.05

*p<0.10

Table 4 introduces the interaction term between Price Mechanisms and

Institutional Quality:

SAlyy = a+ B1PM; + B21Q;t + B3 (PMye X 1Qy¢) + v Xir + i + Ap + €51
(17)

The marginal effect of price mechanisms conditional on institutional quality is given by:
0SAI
oo = B1t BslQ (18)

This specification allows the marginal effect of price mechanisms to vary

continuously across institutional environments. This implies that the impact of price
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mechanisms increases as institutional quality improves. At higher levels of governance
quality. the marginal effect becomes significantly stronger.

The interaction coefficient is positive and highly significant (B =0.172. p < 0.01).
This result confirms Hypothesis 4. indicating that institutional quality strengthens the
effect of price mechanisms on innovation adoption.

Evaluating the marginal effect at the 75th percentile of institutional quality shows
that the impact of price mechanisms increases from 0.241 to approximately 0.370.
indicating a substantial amplification effect under stronger governance conditions.

Graphical marginal effect plots illustrate that the slope of PM increases
significantly at higher 1Q levels. In weak institutional environments. price mechanisms

still exert a positive effect but with diminished magnitude.

Figure 2
Moderating Effect of Institutional Quality on the Relationship Between Price Mechanisms

and Sustainable Innovation

Figure 2: Moderating Effect of Institutional Quality
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Figure 2 demonstrates that the effect of price mechanisms is substantially stronger
in regions with high institutional quality compared to those with weaker governance

structures.

Veredas do Direito, v.23, €235321 — 2026




Ervis Lila & Ariola Harizi & Brunela Trebicka

4.5 Interaction effects: financial moderation

Table 5
Financial Development Moderation Model
Dependent Variable: SAI

Variables Coefficient Std. Error t-Statistic
PM 0.232*** 0.075 3.09

FD 0.198** 0.088 2.25

PM x FD 0.139** 0.063 2.21
Controls Included

Constant 0.205 0.123 1.67

Observations: 210
Number of groups: 24
Time periods: 10
Within R2: 0.51
Region FE: Yes
Time FE: Yes

*kx p < 001
**p<0.05
*p<0.10

Table 5 examines the moderating role of Financial Development:

SAlyy = a + B1PM + BoF Dy + B3 (PMy X FDy) + v Xie + 1y + Ap + &5t
(19)

The interaction term is positive and statistically significant (B3 = 0.139. p < 0.05).
This confirms Hypothesis 5. demonstrating that financial development amplifies the
innovation-inducing effect of price mechanisms.

Regions with higher credit access experience stronger innovation responses to
environmental price incentives. This suggests that price signals alone are insufficient

when financial constraints limit investment capacity.
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4.6 Dynamic panel estimation (system GMM)

Table 6

Dynamic Panel Estimation (System GMM) Dependent Variable: SAl
Variables Coefficient Std. Error z-Statistic
SAI (t-1) 0.417%** 0.083 5.02
PM 0.247*** 0.071 3.48
IQ 0.281*** 0.067 4.19
FD 0.203** 0.089 2.28
Constant 0.176 0.102 1.72

Observations: 210
Number of groups: 24
Time periods: 10

Number of instruments: 18
Hansen test (p-value): 0.32
AR(2) test (p-value): 0.41
*kx p < 001

**p<0.05

*p<0.10

To account for persistence in innovation behavior. Table 6 reports results from the

dynamic System GMM model:
SAlyy = 6SAlit_1 + B1PMye + B2l Qi + B3F Dy + v Xy + &3¢ (20)
The lagged dependent variable is positive and significant (6 =0.417. p <0.01). indicating

strong persistence in sustainable innovation adoption. This confirms that innovation

trajectories are path-dependent.
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Figure 3
Dynamic Persistence of Sustainable Agricultural Innovation
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As shown in Figure 3. sustainable innovation follows a dynamic and persistent
trajectory across time periods.

Importantly. Price Mechanisms remain positive and significant (p: = 0.247. p <
0.01). suggesting robustness of the baseline findings. Institutional Quality and Financial
Development maintain their positive effects.

The number of instruments used in the System GMM estimation remains below
the number of cross-sectional units. reducing concerns regarding instrument proliferation.
The Hansen test fails to reject the null hypothesis of instrument validity. and the AR(2)
test confirms absence of second-order serial correlation. validating the dynamic

specification.
4.7 Robustness checks

Robustness tests confirm the stability of the core findings. When alternative
proxies for sustainable innovation (organic certification rates) are used. the coefficient of

price mechanisms remains positive and statistically significant. Subsample analysis

across high- and low-institutional quality regions reveals consistent directional effects.
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though magnitude differences persist. Including climate risk controls does not alter the
sign or statistical significance of the key variables. reinforcing the robustness of the

empirical results.
4.8 Economic significance and policy implications

Beyond statistical significance. the economic magnitude of results is noteworthy.
The combined effect of high institutional quality and strong price mechanisms leads to a
substantial increase in predicted innovation levels compared to low-institution
environments.

Moving from the 25th to the 75th percentile of the price mechanism index
increases predicted sustainable innovation by approximately 0.12 units. highlighting the
substantive economic relevance of market-based environmental instruments.

These findings suggest that market-based instruments can meaningfully accelerate
green agricultural transformation when supported by institutional and financial

infrastructure.
4.9 Summary of empirical findings

The empirical results provide strong support for all primary hypotheses:
« Price mechanisms significantly foster sustainable agricultural innovation.
« Institutional quality strengthens innovation outcomes.
« Financial development enhances responsiveness to price incentives.
« Innovation adoption is persistent over time.
Overall. the evidence indicates that price-based environmental instruments are
effective tools for promoting sustainable agricultural innovation. but their success

depends on institutional and financial conditions.
5 DISCUSSION

The empirical findings of this study provide robust evidence that price-based

environmental mechanisms play a significant role in fostering sustainable agricultural
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innovation. Across multiple econometric specifications. the results consistently
demonstrate that stronger price instruments—such as green subsidies. environmental
taxation. and carbon pricing—are positively associated with sustainable technology
adoption in agriculture. Crucially. these effects are not uniform but depend substantively
on contextual factors such as institutional quality and financial development. This
underscores the systemic nature of green economic transformation. where economic
incentives interact with governance and financial structures to shape innovation

pathways.
5.1 Price mechanisms as drivers of sustainable innovation

The positive and statistically significant coefficient of price mechanisms in the
baseline and dynamic models suggests that economic incentives influence farmers’
investment behavior in meaningful ways. This finding aligns with neoclassical
environmental economic theory—well-designed price signals internalize environmental
externalities and shift production decisions toward socially optimal outcomes (Baumol &
Oates. 1988; Pigou. 1920). In the context of agriculture. price incentives such as subsidies
for sustainable inputs. taxation of polluting activities. and carbon pricing provide clear
economic motivations for adopting greener technologies.

The observed persistence of these effects across specifications indicates that price
instruments not only influence short-term decision-making but also have enduring
impacts on innovation trajectories. Dynamic panel results show strong path dependency
in innovation adoption: once a region adopts sustainable technologies. the likelihood of
further adoption increases. This result resonates with evolutionary economic theory.
which emphasizes the cumulative nature of technological change and the importance of
learning-by-doing (Nelson & Winter. 1982). Price incentives may therefore initiate
cumulative technological upgrading. consistent with findings in other sectors where well-
structured price mechanisms have sustained green transitions (Mittenzwei. 2025).

Furthermore. this study challenges the view that agricultural innovation is driven
solely by supply-side factors such as R&D expenditure. While R&D remains a significant
contributor to innovation. the independent effect of price mechanisms suggests that

demand-pull forces play a critical role in stimulating the diffusion of sustainable
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technologies (Johnstone. Has¢i¢. & Popp. 2010). For sectors like agriculture. where
innovation frequently manifests as adoption rather than invention. demand-based

incentives appear particularly influential.

5.2 Institutional quality as an amplifier of policy effectiveness

One of the study’s most important contributions is the identification of
institutional quality as a moderating factor. The significant interaction between price
mechanisms and institutional quality indicates that governance structures substantially
strengthen the impact of economic incentives. Regions with higher institutional quality—
characterized by transparent regulation. credible enforcement. and stable policy
environments—experience more pronounced innovation responses to price signals.

This result supports institutional economic theory. which posits that market-based
instruments require credible institutions to function effectively (North. 1990; Acemoglu
& Robinson. 2012). Price mechanisms operate through expectations—farmers not only
respond to current incentives but also to anticipated policy continuity and enforceability.
In weak institutional environments. uncertainty regarding regulation enforcement may
reduce the perceived credibility of price incentives. limiting their effectiveness.

Moreover. the complementarity between institutions and pricing policies is
echoed in the broader environmental and development literature. Studies have shown that
environmental policy effectiveness varies significantly with institutional capacity
(Dasgupta et al.. 2001; Popp. 2019). This study extends that insight to agriculture.
demonstrating that institutional quality is not merely a background condition but a
dynamic amplifier of policy effectiveness.

Institutional quality also enhances information flows and reduces transaction
costs. facilitating technological diffusion (Williamson. 2000). In fragmented agricultural
systems. robust institutions reduce uncertainty. making innovations more attractive and

reducing barriers to adoption.
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5.3 Financial development and investment constraints

The moderating role of financial development further enriches the interpretation
of the results. While price mechanisms create incentives for sustainable innovation. the
ability to act on those incentives depends critically on access to financial resources.
Sustainable agricultural technologies—such as precision irrigation systems. digital
monitoring platforms. and renewable energy installations—often require substantial
initial capital outlays. In credit-constrained regions. farmers may recognize the economic
benefits of sustainable technologies but remain unable to invest due to liquidity barriers.

The positive interaction between financial development and price mechanisms
confirms that access to credit and deeper financial markets amplifies the effectiveness of
environmental incentives. This finding is consistent with financial development literature.
which emphasizes that efficient financial systems facilitate technological upgrading and
economic growth by reducing financing costs and risk (Levine. 1997; Beck. Demirgug-
Kunt. & Levine. 2007). Recent research on sustainable finance also highlights the role of
green financial instruments in promoting environmental outcomes. particularly in rural
and agricultural contexts where traditional credit systems may be insufficient (Raman et
al.. 2025; Grecu et al.. 2025).

This result underscores the importance of policy sequencing: introducing price
mechanisms without improving financial access may generate limited impact. A
coordinated policy approach that integrates environmental pricing with rural financial
reform and green financing tools is more likely to stimulate innovation adoption

effectively and sustainably.
5.4 Dynamic persistence and innovation path dependency

The dynamic panel results highlight strong persistence in sustainable innovation
adoption. evidenced by the positive and significant coefficient on the lagged dependent
variable. Innovation processes in agriculture appear path-dependent. where early
adoption increases the likelihood of subsequent innovations.

This persistence can be explained by learning-by-doing effects. network

externalities. and demonstration effects. Farmers who adopt sustainable technologies gain
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experience. reduce uncertainty. and become more receptive to further innovations.
Regional spillovers may also play a role. as successful adoption by some producers can
influence neighbors. creating virtuous cycles of diffusion. Similar patterns have been
observed in studies analyzing diffusion of green technologies in agriculture and other
sectors (Alamsyah. 2024).

From a policy perspective. this implies that temporary or unstable price incentives
may not generate lasting effects. Sustained policy commitment is essential for
consolidating innovation trajectories and realizing long-term structural transformation.
Short-lived interventions risk interrupting innovation momentum. underscoring the

importance of continuity in environmental pricing strategies.

5.5 Economic significance and structural transformation

Beyond statistical significance. the economic magnitude of the estimated effects
suggests meaningful structural implications. Price mechanisms. when combined with
strong institutions and financial development. act as catalysts for structural
transformation in agriculture by redirecting investment toward resource-efficient
technologies. This dual outcome—improving productivity while reducing environmental
externalities—supports the Porter Hypothesis. which argues that well-crafted
environmental policy can generate competitive advantages through innovation (Porter &
van der Linde. 1995).

Furthermore. ecological modernization theory posits that environmental
protection and economic development can be integrated. rather than being in conflict
(Mol & Sonnenfeld. 2000). The study’s findings validate this perspective. showing that
sustainable agricultural innovation can be advanced through policies that simultaneously
align economic incentives with environmental goals.

However. the results also reveal that price mechanisms alone are insufficient.
Institutional and financial infrastructures emerge as necessary conditions for maximizing
policy impact. Green economic transformation is therefore not just an economic
adjustment but a systemic process that requires multidimensional governance

frameworks.
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5.6 Comparison with existing literature

This study makes several contributions to the literature on environmental policy.
agriculture. and innovation.

First. it addresses a gap in the empirical literature by focusing on agriculture—a
sector characterized by high environmental externalities and structural heterogeneity.
While numerous studies have examined price mechanisms in industrial and energy
sectors. fewer have explored their role in agricultural innovation.

Second. the inclusion of interaction terms with institutional quality and financial
development moves beyond average treatment effect estimation to capture contextual
heterogeneity. Many previous studies treat price mechanisms as exogenous drivers
without considering how governance and financial factors shape their effectiveness. By
highlighting these conditional relationships. this research contributes to a more nuanced
understanding of sustainable development dynamics.

Third. the use of dynamic panel estimation strengthens causal interpretation and
addresses endogeneity concerns. Innovation processes are inherently temporal. and static
models may overlook persistence and feedback effects. The System GMM framework
used in this study provides more reliable estimates. consistent with recent research
emphasizing the importance of dynamic modeling in innovation studies (Popp. 2019).

5.7 Policy implications

The results of this study yield several actionable implications for policymakers
seeking to accelerate green agricultural transformation:

1. Design coherent price-based environmental instruments tailored to agriculture.
Subsidies for green technologies. carbon pricing. and targeted environmental
taxes can provide effective incentives for sustainable innovation.

2. Strengthen institutional quality to enhance policy credibility. Transparent
regulatory frameworks. predictable enforcement. and stable policy environments

increase farmers’ responsiveness to economic incentives.
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3. Enhance financial access for rural and agricultural sectors. Improving credit
availability and developing green financial tools reduce liquidity constraints and
enable investment in sustainable technologies.

4. Commit to long-term policy continuity. Dynamic persistence in innovation
adoption implies that sustained policy commitment yields cumulative benefits.
whereas episodic interventions may fail to generate lasting change.

Overall. green agricultural transformation should be approached as a systemic

process that integrates economic. institutional. and financial policies.
5.8 Limitations and future research

Despite its contributions. this study has limitations. The measurement of
sustainable innovation relies on composite indices. which may not fully capture micro-
level heterogeneity in technological adoption. Future research could incorporate farm-
level panel data to explore differences across producer types. farm sizes. and regions.

Additionally. while System GMM mitigates endogeneity concerns. unobserved
factors may still influence innovation outcomes. Quasi-experimental designs or natural
experiments could provide further causal validation.

Future studies could also explore nonlinearities or threshold effects in the
relationship between price mechanisms and innovation. For example. price instruments
may exhibit increasing returns only beyond certain institutional or financial development
thresholds.

6 CONCLUSION

This study set out to examine whether price mechanisms serve as effective
catalysts for sustainable agricultural innovation and to uncover the conditions under
which such mechanisms yield their greatest impact. Using panel data and advanced
econometric techniques. including fixed-effects regression and dynamic System GMM
estimation. the analysis reveals that price-based environmental instruments are
significantly associated with higher levels of sustainable innovation adoption in

agriculture. Importantly. the effectiveness of these instruments is conditional on
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institutional quality and financial development. highlighting the complex interplay
between economic incentives. governance structures. and access to resources.

The findings contribute to both theoretical and empirical discourse on
environmental policy. innovation economics. and sustainable development. First. they
support the proposition that price mechanisms—such as green subsidies. carbon pricing.
and environmental taxes—provide meaningful economic signals that influence farmers’
decisions toward adopting sustainable technologies. This aligns with established
environmental economic theory that incentive-based policy instruments can internalize
externalities and guide economic activity toward social optimum outcomes (Baumol &
Oates. 1988; Pigou. 1920). However. the results of this study indicate that the efficacy of
these mechanisms cannot be understood outside the broader socioeconomic context.
consistent with recent discussions in the literature emphasizing the need to consider
institutional and financial enablers (Mittenzwei. 2025; OECD. 2025).

Second. the role of institutional quality emerges as a critical moderating factor.
The empirical evidence demonstrates that price mechanisms are significantly more
effective in regions characterized by stronger governance frameworks. This result
corroborates institutional economic theory. which posits that stable. credible. and
transparent governance enhances the effectiveness of market-based instruments (North.
1990; Acemoglu & Robinson. 2012). Weak institutions may generate uncertainty about
policy enforcement. undermining the confidence required for long-term investments in
innovation. Empirical evidence from sectoral labor studies confirms that institutional
uncertainty significantly affects professional and investment decisions (Krasnigi et al..
2024). This finding underscores the view that institutional quality and environmental
policy design are complementary. not interchangeable. components of sustainable
development strategies.

Third. financial development is shown to amplify the impact of price mechanisms.
Access to credit. banking services. and capital markets reduces liquidity constraints that
otherwise limit farmers’ ability to adopt new technologies. This aligns with broader
research demonstrating that financial inclusion and efficient financial systems are
foundational to technological upgrading and sustainable investment (Levine. 1997;
Raman et al.. 2025). In agricultural contexts. where initial investment costs can be

substantial and market conditions uncertain. financial development enhances the capacity
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of producers to act upon price incentives. This insight affirms the importance of designing
integrated policy frameworks that combine environmental pricing with financial sector
reform.

The dynamic estimation results reveal innovation path dependency. suggesting
that once sustainable technologies are adopted. further innovation is more likely. This
dynamic persistence underlines the importance of sustained policy commitment: short-
term price interventions may not be sufficient to induce lasting structural change. Rather.
long-term. consistent policy environments are critical to embedding sustainable practices
and facilitating cumulative technological progress.

Beyond its empirical contributions. this study speaks to broader debates about
green structural transformation. The results support the Porter Hypothesis. which
asserts that well-crafted environmental policies can enhance competitiveness and
stimulate innovation (Porter & van der Linde. 1995). By directing investment toward
resource-efficient technologies while reinforcing institutional and financial foundations.
price mechanisms can serve as levers for transitioning agricultural systems toward
sustainability and resilience. These findings resonate with recent policy frameworks and
research that advocate for integrated approaches to sustainability. where price instruments
are embedded within governance and financial ecosystems (OECD. 2025; Grecu et al..
2025).

The use of advanced econometric methods. including System GMM. strengthens
the causal interpretation of the results. Dynamic modeling accounts for temporal
persistence in innovation and helps mitigate endogeneity concerns—an important
consideration that static models may overlook (Popp. 2019). This methodological
robustness enhances confidence in the conclusion that price mechanisms. when supported
by institutional quality and financial development. drive sustainable agricultural
innovation.

This study also builds on and extends the work of Trebicka and colleagues in
related areas of financial and institutional economics. For example. Trebicka et al. (2024)
demonstrate the importance of financial development and institutional frameworks in
shaping broader economic performance and growth outcomes. The present study
complements these findings by showing how these factors influence not only

macroeconomic indicators but also specific innovation processes within the agricultural
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sector. Additionally. previous analyses by Trebicka et al. (2023) on investment crowding
effects provide context for understanding how government and private sector dynamics
interact—a theme that resonates with the present study’s emphasis on coordinated policy
intervention.

Despite its contributions. this study has limitations. The measurement of
sustainable innovation relies on composite indices that may not fully capture micro-level
heterogeneity in technology adoption. Future studies could benefit from farm-level panel
data to explore how individual characteristics. market access. and firm-specific factors
influence innovation decisions. Additionally. while System GMM mitigates many
endogeneity concerns. quasi-experimental designs or natural experiments could further
validate causal inferences.

Future research could also explore nonlinearities or threshold effects in the
relationship between price mechanisms and innovation. For example. it is plausible that
price mechanisms become more effective only beyond certain levels of institutional
quality or financial development. Threshold analysis or interaction models incorporating
nonlinear terms could provide deeper insights into these dynamics. Moreover. the
increasing application of digital financial tools and fintech solutions in rural finance
presents new research avenues for understanding how technological advancements affect
sustainable innovation pathways.

In summary. the empirical evidence of this study suggests that price mechanisms
are meaningful drivers of sustainable agricultural innovation. but their effectiveness is
significantly enhanced by strong institutional environments and financial development.
These findings highlight the importance of integrated policy frameworks that combine
economic incentives with governance and financial reforms. As nations and regions seek
sustainable development pathways. understanding the conditional impacts of policy
instruments will be essential for designing effective environmental and innovation

policies in agriculture.
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