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ABSTRACT

This study investigates the impact of climate factors—temperature,
precipitation, and CO2—on the yields of key crops (wheat, potatoes, and
rice) in Turkiye, aiming to inform climate-resilient agricultural
practices. Using an Autoregressive Distributed Lag (ARDL) approach,
the research examines short-run and long-run relationships between crop
yields and climate variables from 1981 to 2020. The results indicate that
wheat and potatoes cointegrate with climate variables, suggesting a
stable long-term relationship. Wheat yields benefit from moderate

precipitation. Similarly, potatoes are adversely affected by prolonged
high temperatures and excessive rainfall, though CO2 shows a delayed
positive impact. In contrast, rice yields show no long-run relationship
with climate factors, responding instead to short-term variations and
having a significant sensitivity to excessive precipitation and high
temperatures. These findings underscore the need for crop-specific
management strategies to adapt to climate variability, enhancing crop
resilience and optimizing yields in Turkiye's diverse agricultural
landscape.

increases in temperature and CO: but are sensitive to excess
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1. Introduction

Turkiye’s agricultural sector is foundational to its economy, supporting rural livelihoods, generating export revenue, and
ensuring food security for a growing population. As one of the world’s most agriculturally diverse countries, Turkiye produces
many crops, including wheat, rice, and potatoes. However, the sector faces mounting challenges from climate change, as rising
temperatures, fluctuating precipitation patterns, and increasing levels of atmospheric CO- affect crop growth, yield stability,
and agricultural sustainability (Bozoglu et al. 2019). Understanding how these climatic factors influence crop yields is vital for
Turkiye’s future agricultural resilience, particularly as the country adapts to intensifying climate variability.

The effects of temperature, precipitation, and CO, on crop yields are complex and often vary significantly by crop type
(Hatfield et al. 2011; Meng et al. 2017; Makowski et al. 2020). Temperature, for example, can promote or inhibit growth
depending on the crop’s specific heat tolerance and growth stage (Kaushal et al. 2016). While moderate warmth can increase
growth rates and accelerate development, excessive heat can stress plants, impair photosynthesis, and reduce yields (Sharkey,
2005; Zhu et al. 2021; Bernacchi et al. 2023). Precipitation, similarly, is crucial for crop water availability; however, too much
rain can lead to waterlogging, nutrient leaching, and reduced oxygen availability in the soil, particularly in water-sensitive
crops (Kaur et al. 2020; Loreti & Striker 2020). Atmospheric CO,, while a key component of photosynthesis, has a variable
impact: it can enhance photosynthetic rates in many C3 crops, potentially increasing yields, but these benefits may be
constrained by other limiting factors such as heat and water availability (Lawlor & Mitchell 1991; Bishop et al. 2014; Boretti
& Florentine 2019). Consequently, Turkiye’s crops face differing responses to these environmental variables, requiring crop-
specific analyses to understand their immediate and sustained impacts.

Given the diverse responses of crops to climatic variables, investigating both short-run and long-run relationships between
yield and climate factors is essential. Cointegration analysis offers a way to determine whether a long-term equilibrium
relationship exists between crop yields and environmental variables such as temperature, precipitation, and CO,. If
cointegration is present, it suggests that climatic factors have a sustained impact on crop yields, with any short-term deviations
likely adjusting back to equilibrium over time. For these crops, long-term and immediate responses must be understood to
assess climate impacts fully. In contrast, for crops without cointegration relationships, short-run dynamics dominate, indicating
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that yields are more susceptible to immediate climatic fluctuations rather than sustained trends. This distinction between long-
and short-term dynamics is particularly relevant for policymakers and farmers seeking to implement climate adaptation
measures tailored to each crop's needs.

This study employs an Autoregressive Distributed Lag (ARDL) approach (Pesaran & Shin 1998; Pesaran et al. 2001) to
analyze the yields of three key crops in Turkiye: wheat, potatoes, and rice. By applying ARDL models, we can evaluate
whether each crop vyield is cointegrated with temperature, precipitation, and CO- levels and, where cointegration exists,
estimate both short-run and long-run coefficients. Specifically, we address three key research questions:

i. Which crops exhibit a long-run cointegration relationship with climate variables? Identifying cointegration provides
insight into whether crop yields maintain a stable, long-term dependency on environmental conditions, signalling
resilience or sensitivity to sustained climate trends.

ii. How do short-run dynamics influence crop yields, particularly for crops without a long-term cointegration
relationship? For crops without cointegration, yield changes are driven by short-term climatic fluctuations, requiring an
understanding of immediate responses to temperature, precipitation, and COs.

iii. How do temperature, precipitation, and CO- interact across crops, and what crop-specific management strategies can
mitigate climate risks? By understanding the unique effects of each variable and their interactions on different crops, we
can propose adaptive practices to optimize yields in the face of climate change.

This study's findings will guide agricultural planning and climate adaptation methods in Turkiye, offering comprehensive
insights into the distinct requirements of each crop under diverse climatic situations. For wheat and potatoes, where long-term
resilience may depend on sustained relationships with climate variables, our results will highlight how these crops adjust to
climatic changes over time. Our focus on short-run dynamics will shed light on the adaptive measures needed to buffer against
rapid environmental fluctuations for crops such as rice, which may be more vulnerable to immediate climatic variability. By
distinguishing between crops with and without long-run dependency on climate variables, we aim to provide actionable
insights for targeted interventions that promote sustainable agricultural productivity in Turkiye. In doing so, this study offers a
novel contribution to the growing body of research on climate change and agriculture by focusing on Turkiye. While many
previous studies have explored the impacts of climate variables on crop yields in regions such as southern Europe, Southeast
Asia, and North America, this study fills a significant gap by:

. Examining the short- and long-term effects of temperature, precipitation, and CO; on key crops (wheat, rice, and
potatoes) in Turkiye using the ARDL bounds testing approach.

+  Providing a comprehensive analysis incorporating interaction effects between climate variables, offering more
profound insights into their combined impacts on crop productivity.

By focusing on Turkiye's unique agricultural context, this study enhances understanding of the climate-yield relationship in
a semi-arid setting and offers broader implications for regions facing similar challenges.

2. Material and Methods

This study investigates the impact of key climatic variables—temperature, precipitation, and atmospheric CO,—on the yields
of three major crops in Turkiye: wheat, potatoes, and rice. We employ the ARDL bounds testing approach using time series
data for the period 1981-2020. All series are in their natural logarithmic forms, allowing us to interpret the estimated
coefficients in elasticity form. Summary information about the data used in the analyses is presented in Table 1, and the
descriptive statistics of the series are provided in Table 2.

Table 1- Summary of the variables

Target Variable Proxy Variable Symbol  Definition Source

Crop Yield Crop yields YIELD Yields are measured in tonnes per hectare Our World in Data

Average annual surface temperature (in degrees
Celcius). The air temperature measured 2 meters
above the ground, encompassing land, sea, and
in-land water surfaces.

Temperature Surface temperature TEMP Our World in Data

Republic of Turkiye Ministry of
Precipitation Precipitation PREC  Annual precipitation per unit area (mm) Environment,  Urbanization and
Climate Change

CO: emissions from fossil fuels and industry.

Land-use change is not included. Our World in Data

Carbon Emissions ~ CO2 emissions CcOo,
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Table 2- Descriptive statistics

Variables No. of obs. Mean Std. Dev. Min Max Skewness Kurtosis
WHEAT 40 2.257 0.347 1.758 2.965 0.507 2.096
POTATO 40 26.122 5.233 16.487 35.377 -0.075 2.261
RICE 40 6.225 1.426 4.379 9.056 0.345 1.622
TEMP 40 11.404 0.889 9.256 13.329 0.118 2.945
PREC 40 577.85 65.157 445.000 717.000 0.066 2.574
Co, 40 240 m 108 m 79.2m 431m 0.250 1.841
In_WHEAT 40 0.803 0.150 0.564 1.087 0.314 1.996
In_POTATO 40 3.242 0.210 2.803 3.566 -0.487 2.622
In_RICE 40 1.803 0.227 1.477 2.203 0.186 1.499
In_TEMP 40 2431 0.078 2.225 2.590 -0.112 3.058
In_PREC 40 6.353 0.114 6.098 6.575 -0.191 2.537
In_Co0, 40 19.186 0.495 18.187 19.881 -0.370 2.078

Using an ARDL modelling framework, we analyse short- and long-run relationships between crop vyields and
environmental factors. The ARDL approach enables us to assess whether each crop yield has a cointegration relationship with
climatic variables, indicating a stable long-term dependency, or if it is predominantly influenced by short-term fluctuations
short-term fluctuations predominantly influence it.

The ARDL model was selected due to its flexibility in handling variables integrated of different orders, 1(0) or (1), making
it suitable for our dataset. Unlike traditional cointegration techniques, the ARDL approach does not require all variables to be
integrated at the same order (Pesaran & Shin 1998; Pesaran et al. 2001; Hassler & Wolters 2006; Kripfganz & Schneider
2023). In other words, ARDL is uniquely equipped to handle variables that are a mix of 1(0) (stationary) and I(1) (non-
stationary), provided none are 1(2). This eliminates the need for uniform integration orders, reducing the risk of
misspecification. Bounds testing allows for cointegration analysis regardless of whether variables are 1(0) or 1(1). Moreover,
ARDL models capture both short-term dynamics and long-term equilibrium relationships within a single framework. This dual
capability ensures that transient impacts are not overlooked while providing insights into steady-state behavior. ARDL spreads
explanatory power across time periods by including lagged variables, naturally reducing correlations between regressors. This
addresses potential multicollinearity without requiring additional transformations. The model captures temporal adjustments,
allowing us to account for the delayed effects of variables on outcomes. This is particularly important in agricultural contexts,
where climatic and economic changes influence yields over time. It accommodates gradual adjustments to shocks, which
provides a realistic depiction of how systems stabilize after external factors change. ARDL incorporates lag structures for all
explanatory variables, enabling the examination of distributed effects over time. This is particularly useful in identifying
lagged or cumulative impacts of climatic variables such as precipitation and temperature. By including lagged dependent
variables, ARDL reduces the risk of biased estimates caused by endogeneity, making the results more reliable. ARDL remains
robust in small-sample settings, where other methods may fail due to limited statistical power. This is particularly valuable in
such studies, where data availability may be constrained. The ARDL framework includes bounds testing for cointegration,
which provides a rigorous statistical basis for validating long-run relationships. This ensures that the identified relationships
are not spurious.

We estimate each model separately for each crop to identify crop-specific relationships with temperature, precipitation, and
CO..

The general ARDL (p, g1, g2, g3) model for crop yield can be specified as depicted in Equation 1:

p q1 q2 q3

AYIELD; = a + Z ¢;AYIELD,_; + Z BjATEMPt_}- + Z YiAPREC:_) + Z 51AC02t_l + 0ECT;_4
i=1 j=0 k=0 1=0
+ & (€D)

Where; YIELD, is the log-transformed vyield for each crop in year t;TEMP,, PREC, and
CO, represent the log-transformed temperature, precipitation, and CO; levels, respectively. ECT,_, is the error correction term
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derived from the cointegration relationship, representing the long-run equilibrium relationship for crops with cointegration, and
&, is the error term.

We also include interaction terms (TEMP x PREC, TEMP x CO,, and PREC X C0,) as additional independent variables
in each crop’s ARDL model to capture the combined effects of climate variables.

To assess the presence of a long-run relationship, we conduct the following steps:

Prior to estimation, we test each variable's stationarity using the Augmented Dickey-Fuller (ADF) and Phillips-Perron (PP)
tests. This step ensures that none of the variables is integrated of order two or higher (1(2)), as the ARDL approach is
applicable only for variables that are 1(0) or 1(1) (Pesaran et al. 2001).

For each crop, we apply the ARDL bounds testing approach to test for a long-run relationship between yield and climatic
variables. The F-statistic from the bounds test is compared to critical values to determine whether cointegration exists
(Kripfganz & Schneider 2023):

If the F-statistic exceeds the upper bound, we conclude that a long-run relationship exists.
If the F-statistic is below the lower bound, we conclude that no long-run relationship exists.
If the F-statistic falls between the bounds, the result is inconclusive.

For crops with cointegration, we estimate an error correction model (ECM) to capture both short-run and long-run
dynamics. The ECM includes an error correction term (ECT,_,), which measures the speed at which the yield adjusts to
deviations from the long-run equilibrium. A significant error correction term with a negative coefficient indicates that the yield
returns to equilibrium following short-term fluctuations.

For crops without cointegration, we focus on the short-run coefficients derived from the differenced terms in the ARDL
model. These coefficients capture the immediate impact of temperature, precipitation, and CO; changes on yield without
assuming any sustained relationship.

3. Results and Discussion

This section presents the empirical findings of our analysis, highlighting the relationships between crop yields and
environmental variables for wheat, potatoes, and rice. We detail the ARDL modelling approach's results, including the
presence of cointegration for specific crops and the implications of the estimated short-run coefficients for all crops. The
analysis is structured to emphasize the long-run relationships for each crop, following the discussion of the short-run dynamics.

It is essential to note a point that will be thoroughly examined later. Our analysis identifies a cointegration relationship for
wheat and potatoes, suggesting a stable long-term equilibrium between these crop yields and the explanatory variables
(temperature, precipitation, and CO; levels). This finding indicates that these factors have a sustained impact on the yields of
wheat and potatoes over time. Consequently, we interpret both the short-run and long-run coefficients for these crops,
examining their immediate responses to changes in environmental factors and their long-term adjustments. The long-run
coefficients reflect the enduring influence of these variables on crop yields, while the short-run coefficients capture the more
immediate responses to climate variability.

In contrast, we find no evidence of cointegration for rice, suggesting that rice yield does not maintain a stable long-term
relationship with the explanatory variables within the scope of this study. As a result, we focus exclusively on the short-run
dynamic for rice. By examining the short-run coefficients, we capture this crop's immediate and potentially more volatile
responses to fluctuations in temperature, precipitation, and CO,, reflecting its sensitivity to short-term environmental
variability rather than any sustained, long-term adjustment path.

This distinction between crops with and without a cointegration relationship provides valuable insights into how different
types of crops respond to climatic conditions, with implications for adaptive management practices tailored to each crop's
specific yield behavior in response to environmental change.

As mentioned earlier, it is essential to ensure the variables are stationary before estimating the ARDL. Table 3 presents the
results of the ADF and PP tests. The findings show that none of the variables is integrated at second order.
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Table 3- Unit root tests

ADF PP
Variable Cc CIT Cc CIT
€Oy, -2.508(0) -2.033(0) -3.977(11)*** -1.618(8)
ACO,, -6.098(0)*** -6.713(0)*** -6.100(2)*** -7.937(9)***
TEMP, -0.712(1) -7.078(0)*** -0.757(8) -7.317(6)***
ATEMP; -10.869(0)*** -5.910(3)*** -26.691(16)*** -28.363(15)***
PRECIP, -6.829(0)*** -6.768(0)*** -10.020(22)*** -11.642(26)***
APRECIP, -6.968(1)*** -6.855(1)*** -26.624(22)*** -28.496(21)***
WHEAT, -0.380(1) -5.706(0)*** -1.278(2) -5.842(3)***
AWHEAT, -13.243(0)*** -13.142(0)*** -29.778(37)*** -49.329(37)***
RICE, -0.863(1) -2.708(0) -0.819(18) -2.686(2)
ARICE, -8.075(0)*** -7.972(0)*** -8.857(13)*** -8.832(14)***
POTATO, -2.124(2) -3.394(1)* -1.710(11) -2.865(6)
APOTATO, -5.890(1)*** -6.081(1)*** -7.525(6)*** -8.387(9)***
TEMP x PREC -6.710(0)*** -6.819(0)*** -7.263(11)*** -11.704(22)***
A(TEMP x PREC) -6.981(1)*** -6.866(1)*** -26.891(23)*** -30.375(22)***
TEMP X CO, -2.408(0) -1.823(0) -4.041(8)*** -1.364(7)
A(TEMP X CO,) -5.992(0)*** -6.682(0)*** -5.992(1)*** -7.181(6)***
PREC x CO, -2.896(0)* -6.136(0)*** -2.701(1)* -6.279(7)***
A(PREC % C0O,) -6.755(1)*** -6.682(1)*** -20.343(29)*** -28.999(23)***

Note: The lag lengths (given in parentheses) for the ADF test determined by the SIC, and the appropriate bandwidths for the PP test determined by the Newey-
West Bandwidth. *** P<0.01, ** 0.01< P<0.05, * 0.05< P<0.10

3.1. Wheat

This section outlines the empirical findings from the ARDL analysis of wheat yield in Turkiye, focusing on both long-run and
short-run relationships with the climatic variables (temperature, precipitation, and atmospheric CO,). The analysis is based on
the optimal lag length determined by the Akaike Information Criteria (AIC) for the model and the resulting coefficients from
the ECM. The results are summarized in Table 3.
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Table 3- ARDL results (wheat)

Model: F(WHEAT/ TEMP,, PREC;, CO,,, TEMP X PREC;, TEMP x C02,, PREC X CO,,)

Optimal Lag Length: (2, 2,2,2,2,1,2)

F-stat: 5.476**

Significance Level

Critical Values

Lower Bound

Upper Bound

1% 3.800 5.643

5% 2.797 4211

10% 2.353 3.599

Error Correction Model
Variable Coefficient Std. Error t-stat
c -6791.130*** 1083.531 -6.268
AWHEAT,_, -0.556%** 0.116 -4.809
ATEMP, 389.714** 147.387 2.644
ATEMP,_, -613.946%** 165.492 -3.710
APREC; 236.853* 125.080 1.894
APREC,_, -449.036%** 123.100 -3.648
ACO,, 13.623 32.091 0.425
ACO,,_, 12.491*** 2.870 4.351
ATEMP x PREC, -50.151* 26.402 -1.900
ATEMP X PREC;_; 95.510*** 25.814 3.700
ATEMP X €Oy, -3.966 5.978 -0.663
APREC X €Oy, 1.005* 0.522 1.927
APREC X COy,_, -1.992*** 0.464 -4.290
ECT,_, -0.658%** 0.105 -6.268
Long-Run Coefficients
TEMP 2223.352* 1264.872 1.758
PREC 1829.405* 940.200 1.946
co, -120.904*** 36.055 -3.353
TEMP x PREC -390.371* 200.010 -1.952
TEMP X CO, 13.236*** 4.281 3.092
PREC %X CO, 8.469* 4.234 2.000
Diagnostic Tests
XéEr 0.025 (0.975) R? 0.943
Xher 1.075 (0.426) Ry 0.882
XNorm 1.588 (0.452) Figt 15.535 (0.000)

Xkamsey 0.059 (0.812) Cusum Stable
bw 1.915 Cusum(sqr) Stable

Note: Probability values in parentheses. xZ:r, xZer™X2orm: X2amsey denote the Breusch-Godfrey LM autocorrelation, Breusch-Pagan heteroscedasticity,
Jarque-Bera normality, and model specification error test statistics, respectively. Cusum and Cusum of squares (sqr) represent the stability test statistics. Given
the small sample size, the bounds test critical values are from Narayan (2005): Case 11 - unrestricted intercept and no trend *** P<0.01, ** 0.01< P<0.05,

*0.05< P<0.10.

675



Benli & Ozdemir - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2025, 31(3): 670-689

The F-statistic for the bounds test is 5.476, which is significant at the 5% level. This indicates the presence of cointegration
among wheat yield and climatic factors, which confirms that there is a stable long-term relationship between wheat yield and
the selected climatic variables.

The short-run coefficients in an ARDL model capture the immediate or transient effects of environmental factors on wheat
yields. The ECT, with a coefficient of -0.658 and a highly significant t-statistic of -6.268, reflects the speed of adjustment back
to equilibrium following short-term deviations. This indicates that approximately 65.8% of the disequilibrium from the
previous period is corrected in the current period, demonstrating a rapid adjustment towards the long-run equilibrium.

Temperature has varying effects on wheat yields at different lags, with both positive and negative significant coefficients.
This variability suggests that while rising temperatures may boost yields in some periods, they may harm yields in others,
possibly due to optimal versus extreme temperature thresholds for wheat growth. High temperatures may lead to heat stress,
especially during sensitive growth stages, reducing yield (Yang et al. 2013; Ullah et al. 2022). On the other hand, moderately
increased temperatures during colder months could extend the growing season, benefiting wheat yields (Lizana & Calderini
2013; Du et al. 2022). The positive and statistically significant coefficient (389.714) of current temperature suggests that a
short-term increase in temperature positively influences wheat yield. This outcome may be attributed to temperature-favorable
conditions that support wheat growth processes such as germination and vegetative growth (Khaeim et al. 2022). Conversely,
the negative and statistically significant coefficient of -613.946 (t-statistic = -3.710) for the lagged temperature term indicates
that prolonged exposure to higher temperatures from the previous period adversely impacts wheat yields in the current period
(Asseng et al. 2011). This outcome could reflect the detrimental effects of accumulated heat stress on wheat, where sustained
high temperatures may lead to reduced grain filling and lower crop resilience, resulting in yield declines over time (Tiwari et
al. 2017; Ullah et al. 2022).

The coefficient for current precipitation is positive (236.853) and marginally significant, suggesting that increases in
precipitation contribute positively to wheat yield in the short run (Howard et al. 2016; Chandio et al. 2021). This effect may be
due to enhanced soil moisture availability, which supports wheat growth, particularly in regions where water is a limiting
factor. However, the lagged precipitation coefficient is negative and statistically significant (-449.036). This suggests that
excessive rainfall in the previous period could hinder growth by creating waterlogging, nutrient leaching, or pest proliferation,
which can negatively impact wheat production in the subsequent period (Kim et al. 2024).

The coefficient for current CO, emissions (13.623) is not statistically significant, indicating that short-term changes in
atmospheric CO, concentration may not immediately translate to observable effects on wheat yield (Conroy et al. 1994;
Gifford 1995). The lagged CO; effect, however, is positive (12.491) and highly significant. This suggests that past increases in
CO; concentrations positively affect current wheat yield, possibly due to the fertilization effect of CO,, where higher CO;
levels enhance photosynthesis and biomass accumulation in C3 plants such as wheat. This delayed effect aligns with existing
literature, which often cites CO; as a beneficial factor for crop yields under certain conditions (Seneweera & Norton 2011;
Taylor & Schlenker 2021).

Interaction terms between temperature, precipitation, and CO, reveal more subtle relationships, illustrating that the
combined effects of these variables differ from their individual impacts. The coefficient for the current TEMP X PREC
interaction term is negative and marginally significant (-50.151), suggesting that an increase in temperature combined with
precipitation may have a detrimental short-term effect on wheat yield (Hatfield et al. 2011). This outcome could be due to
excessive moisture or humidity combined with high temperatures, potentially leading to increased disease susceptibility or
physiological stress in the wheat crop. In contrast, the lagged TEMP X PREC interaction term is positive and significant
(95.510), indicating that the combined impact of higher temperature and precipitation in the previous period benefits current
wheat yield. This might be due to enhanced soil moisture reserves benefiting growth after a period of combined heat and
rainfall, promoting favorable conditions for wheat in subsequent periods (Kumar et al. 2023).

The coefficient for the current TEMP X CO, interaction term is not statistically significant (-3.966), suggesting no
immediate combined effect of temperature and CO, on wheat yield in the short term.

The current PREC X CO, interaction term coefficient is positive and marginally significant (1.005), suggesting that
precipitation combined with CO, contributes positively to yield in the short term, likely enhancing photosynthetic efficiency
under adequate soil moisture conditions. The lagged PREC x CO, term, however, is negative and significant (-1.992),
indicating that sustained high levels of CO; and precipitation may ultimately harm yields, possibly due to soil oversaturation or
other nutrient balance issues (Yu et al. 2022).

The long-run coefficients illuminate the persistent effects of surface temperature, precipitation, CO, emissions, and their
interactions on wheat yield. Unlike the short-run dynamics, these long-run relationships reflect how sustained changes in these
environmental factors influence wheat yield equilibrium over time. The long-run coefficients provide insights into the
sustained impact of environmental factors on wheat yields, highlighting more permanent relationships once short-term
fluctuations have settled. In the long run, the positive coefficient of CO, on wheat yields is statistically significant; suggesting
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that elevated CO, levels can benefit wheat productivity over time (Dubey et al. 2015). This long-term CO fertilization effect
implies that, as CO, concentrations continue to rise, wheat crops may experience yield improvements due to enhanced
photosynthesis and possibly better water use efficiency.

The positive and marginally significant coefficient for temperature suggests that, in the long run, temperature increases
contribute positively to wheat yield. This effect could stem from temperature's role in enhancing growth rates and potentially
extending the growing season, which may benefit wheat production if temperatures remain within optimal limits (Ottman et al.
2012). However, the marginal significance indicates that this effect might be sensitive to context, such as regional climate
variations and adaptive agricultural practices.

The positive and marginally significant coefficient for precipitation indicates that, over time, increased rainfall positively
impacts wheat yield. Consistent moisture availability supports crop development and soil nutrient uptake, promoting higher
yield levels (Kumar et al. 2023). This long-term benefit is particularly relevant in rain-fed agricultural systems where wheat
productivity closely depends on precipitation patterns.

The negative and highly significant coefficient for CO, emissions suggests that sustained increases in CO. levels may
reduce wheat yield in the long term. This adverse effect may seem counterintuitive, given the fertilization benefits of CO, yet
long-term increases in CO, may alter other environmental factors or introduce stresses (e.g., temperature increases and soil pH
changes) that negatively impact wheat (Alonso et al. 2009; Zhang et al. 2018). This result may also indicate that excessive CO;
can intensify specific physiological stresses or disrupt optimal growth conditions, overshadowing any initial positive effects.

The interaction terms reveal complex dynamics between temperature, precipitation, and CO2, underscoring that their
combined effects differ from their isolated impacts on wheat yield. The negative and marginally significant interaction between
temperature and precipitation implies that the combined effect may reduce wheat yield in the long run when these two factors
increase simultaneously. This could reflect a climate stress threshold, where high temperature and high precipitation create
unfavorable growing conditions, such as increased disease prevalence or soil degradation due to excessive moisture, ultimately
impairing crop health (Conradie et al. 2021; Fan et al. 2022).

The positive and highly significant coefficient for the interaction between temperature and CO; suggests that the combined
influence of elevated temperature and CO- enhances wheat yield in the long run. This effect likely stems from the fact that CO-
fertilization can help plants utilize higher temperatures more effectively by enhancing photosynthesis and water-use efficiency
(Gonsamo et al. 2021). This interaction may be particularly advantageous in semi-arid regions where increased CO; can
mitigate some of the adverse effects of heat. The positive and marginally significant interaction between precipitation and CO;
indicates that increased levels of both factors have a synergistic effect, benefiting wheat yield over the long term. This result
may be attributed to the combined effect of adequate moisture and CO- enrichment, which support optimal photosynthetic
activity and crop growth (Li et al. 2003). Increased precipitation may also enhance the uptake of COz-enhanced soil nutrients,
creating favorable conditions for wheat yield improvement (Van Vuuren et al. 1997).

The long-run results highlight that while temperature and precipitation independently contribute positively to wheat yield,
CO, exerts a significant negative impact when considered in isolation. However, the interaction terms suggest that CO», when
combined with either temperature or precipitation, can mitigate some adverse effects and, under optimal conditions, improve
wheat yield. These findings underscore the importance of examining environmental factors in isolation and combination, as
their interactive effects may yield insights essential for understanding crop resilience and productivity under changing climate
conditions. Adaptations in agricultural practices, particularly those that can balance temperature and moisture levels, may help
leverage these long-run dynamics to sustain or improve wheat yield.

3.2. Potato
This section presents the empirical results from the ARDL analysis of potato yield in Turkiye, emphasizing both long-term and

short-term relationships with the climatic variables. The analysis relies on the optimal lag length identified by the AIC for the
model and the resultant coefficients from the ECM. The findings are presented in Table 4.
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Table 4- ARDL results (potato)

Model: F(POTATO,/ TEMP;, PREC;, COy,, TEMP x PREC;, TEMP x C02,, PREC x CO3,)

Optimal Lag Length: (2,2, 2,2,2,2,2)

F-stat: 6.354***

Critical Values

Significance Level Lower Bound Upper Bound

1% 3.800 5.643

5% 2.797 4211

10% 2.353 3.599

Error Correction Model
Variable Coefficient Std. Error t-stat
c -2279.411%** 273.933 -8.321
APOTATO;_4 0.2760*** 0.110 2.498
ATEMP, -220.548** 79.688 -2.768
ATEMP;_, -487.973*** 97.457 -5.007
APREC; -75.488 67.618 -1.116
APREC;_4 -485.471*** 80.771 -6.010
ACO,, -25.165 19.3114 -1.303
ACOy,_, 51.535*** 15.808 3.260
ATEMP x PREC, 16.973 14.260 1.190
ATEMP x PREC,_, 101.391%** 16.849 6.018
ATEMP x CO, 5.647 3.603 1.567
ATEMP x CO,,_, -8.185** 2.969 -2.757
APREC x CO3, -0.573* 0.280 -2.046
APREC X C02t_1 -1.661*** 0.282 -5.893
ECT,_4 -0.838*** 0.101 -8.321
Long-Run Coefficients
TEMP 575.145 424.066 1.356
PREC 507.065 328.672 1.543
co, -36.623* 18.361 -1.995
TEMP X PREC -106.205 69.655 -1.525
TEMP x CO, 4.992* 2.569 1.943
PREC x CO, 1.826 1.431 1.276
Diagnostic Tests
Xéer 0.691 (0.516) R? 0.987
XhEr 0.950 (0.531) R%y; 0.972
XNorM 0.550 (0.760) Figt 66.274 (0.000)

Xkamsey 2.453 (0.137) Cusum Stable
bw 2.197 Cusum(sqr) Stable

Note: See footnote from Table 3

The F-statistic for the bounds test is 6.354, which is significant at the 1% level, indicating the presence of cointegration
between potato yield and climatic factors. This confirms a stable long-term relationship between wheat yield and the selected

climatic variables.

The ARDL results for potato yields reveal the influence of environmental factors along with their interaction effects in both
short-run and long-run dynamics. The ARDL model's short-run coefficients show these environmental factors' immediate
impacts on potato yields. The ECT coefficient is -0.838, which is highly significant (at the 1% level) and indicates a strong
adjustment back to equilibrium after short-term deviations. This suggests that 83.8% of any short-term disequilibrium in potato
yields is corrected in the subsequent period, reflecting a rapid return to long-term stability after environmental shocks.

678




Benli & Ozdemir - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2025, 31(3): 670-689

The lagged potato yield term, with a statistically significant coefficient of 0.2760, indicates a positive relationship with
current yield. This suggests a degree of yield persistence: high yields in the previous period positively influence current yield,
possibly due to favorable residual soil conditions, such as improved soil structure or nutrient levels, conducive to sustained
growth. This persistence effect may also capture the momentum from prior agronomic success, where positive outcomes foster
favorable conditions for subsequent yields.

The results show a mix of positive and negative significant coefficients for TEMP at various lags, similar to the findings
for wheat, indicating that temperature has complex and immediate effects on potato yields. The current temperature’s
coefficient is -220.548, which is statistically significant at the 5% level, indicating that immediate temperature increases
negatively impact potato yield. This outcome reflects the physiological stress that potatoes experience under high temperatures,
as potatoes are a cool-season crop optimized for moderate conditions (Mom¢ilovi¢ 2019). Elevated temperatures can impede
critical growth stages by accelerating the breakdown of proteins and affecting photosynthetic efficiency, which reduces overall
yield. The even more pronounced negative lagged effect (coefficient of -487.973, significant at the 1% level) reveals that
prolonged exposure to high temperatures intensifies stress and leads to substantial yield reductions. This likely results from
cumulative damage, as sustained heat can disrupt cellular integrity, reduce tuber quality, and hasten the depletion of
carbohydrates stored in tubers (Busse et al. 2019). The short-run response to temperature emphasizes that potatoes require
stable, moderate temperatures for optimal growth, and prolonged heat represents a significant environmental threat to yield.

The impact of precipitation underscores the importance of water balance for potato growth. The coefficient for current
precipitation (-75.488) is not statistically significant, indicating that immediate fluctuations in precipitation do not substantially
affect potato yields. This could suggest that potatoes can tolerate short-term water variability, particularly if moisture needs are
met through supplementary irrigation or if precipitation levels are within manageable ranges (Zhao et al. 2024). The significant
negative effect of lagged precipitation (coefficient of -485.47) reveals that excessive rainfall in the previous period has a
substantial adverse effect on current potato yield. This is likely due to waterlogging, where excessive moisture in the soil limits
oxygen availability, interferes with root function, and promotes diseases such as fungal infections, all of which impair growth
and reduce yield (Vanongeval & Gobin 2023; Kim et al. 2024). Potatoes are susceptible to these moisture extremes, and
prolonged high precipitation can lead to deteriorated soil conditions that inhibit optimal root development (King et al. 2020;
Murillo et al. 2021).

The impact of CO; highlights the crop’s response to atmospheric changes. With a coefficient of -25.165, the effect of
immediate CO- changes is not statistically significant. This indicates that short-term fluctuations in CO concentration do not
have a noticeable impact on potato yield, possibly because potatoes may not immediately respond to CO; variations within a
single growth cycle (Lee et al. 2020). The positive and statistically significant lagged effect of CO, (coefficient of 51.535)
suggests that previous increases in CO- contribute positively to current potato yields. This delayed response may be due to the
fertilization effect of CO,, which enhances photosynthesis and water-use efficiency in C3 crops such as potatoes. Over time,
elevated CO, concentrations can increase biomass production and improve tuber formation, leading to higher yields (Donnelly
et al. 2001). However, this beneficial effect is observed only after a period, possibly due to adjustments in crop physiology.

The interaction terms provide insights into how combined environmental factors influence yield, often in ways that differ
from individual effects. The immediate interaction between temperature and precipitation is positive but not statistically
significant (coefficient of 16.973), suggesting that short-term fluctuations in these combined factors do not strongly impact
potato yield. The lagged TEMP x PREC interaction, however, is positive and highly significant (coefficient of 101.391),
indicating that the combined effect of temperature and precipitation from the previous period positively impacts yield. This
might imply that past conditions with balanced temperature and precipitation create favorable soil and moisture dynamics,
fostering better conditions for potato growth in the subsequent period.

The immediate interaction between temperature and CO- (coefficient of 5.647) is not statistically significant, indicating that
short-term combined changes in temperature and CO, do not have a measurable effect on yield. The lagged TEMP X CO,
term is negative and significant (coefficient of -8.185), suggesting that prolonged high temperatures combined with elevated
COs, levels have a detrimental effect. This may be due to combined stress from temperature and altered respiration rates under
elevated CO,, which may disrupt crop physiological stability over time (Kiongo et al. 2024).

The immediate interaction between precipitation and CO, is marginally significant and negative (coefficient of -0.573),
suggesting that current high levels of both factors slightly reduce yield, possibly due to the compounding of water stress with
altered CO, dynamics. The lagged PREC x CO, interaction is also negative and highly significant (coefficient of -1.661),
indicating that sustained high precipitation and CO- levels harm yield over time. This may result from prolonged adverse soil
conditions or disrupted nutrient balance due to high moisture and elevated CO..

In the long run, temperature, precipitation, CO; levels, and their interactions subtly affect on potato yield. The positive,
though statistically insignificant, coefficient suggests that a gradual increase in temperature may have a beneficial effect on
potato yield in the long run. While potatoes are sensitive to high temperatures in the short run, this result implies that potatoes
could adapt to slight increases in temperature over time, potentially due to shifts in growing practices or regional adaptation
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measures. However, the lack of statistical significance indicates that this effect may not be reliable or substantial without
favorable supporting conditions, such as sufficient moisture levels.

The positive, though not statistically significant, long-run coefficient for precipitation implies that increased precipitation
could support potato yield over time. This effect may stem from stable water availability that supports crop resilience,
especially during dry periods. However, the coefficient's insignificance suggests that while additional precipitation could be
beneficial, its impact may vary significantly depending on other factors, such as temperature and soil drainage (Petrova et al.
2021).

The negative and marginally significant effect of CO; in the long run (at the 10% level) indicates that sustained increases in
atmospheric CO; levels may have an adverse impact on potato yield. While CO- often enhances crop growth initially through
the fertilization effect, this long-term negative impact may reflect indirect effects, such as heat stress and soil nutrient
imbalances associated with high CO, environments. Over time, elevated CO, could disrupt potato growth due to cumulative
physiological stresses, indicating that the benefits of CO, for potatoes may diminish or reverse with sustained exposure
(Finnan et al. 2005).

The interaction terms reveal how combined environmental conditions affect potato yield over the long run, often in ways
that individual effects alone do not explain. The negative but statistically insignificant coefficient for TEMP X PREC
suggests that simultaneous temperature and precipitation increases over time may slightly reduce potato yield. This could occur
due to increased disease prevalence, humidity-related stresses, or waterlogging when both temperature and moisture are high.
Although not statistically significant, this result aligns with the idea that potatoes require a balanced environmental profile and
may experience adverse effects if temperature and moisture levels are elevated for prolonged periods (Campbell et al. 2021).

This positive, marginally significant interaction TEMP x €02 suggests that elevated CO, may somewhat counteract the
adverse effects of higher temperatures over time. In the presence of high CO,, potatoes may experience enhanced
photosynthesis and water-use efficiency, allowing the crop to withstand moderate temperature increases more effectively. This
interaction effect indicates that CO, can moderately influence temperature stress in potatoes, though the marginal significance
implies that this benefit may be limited or contingent on specific environmental thresholds (Yandell et al. 1988).

The positive, yet statistically insignificant, coefficient for the interaction between precipitation and CO; indicates that
sustained increases in both factors may have a modestly positive effect on potato yield. This interaction may reflect improved
growth conditions under elevated CO», where the additional moisture from precipitation supports nutrient uptake and reduces
water stress, promoting yield stability. However, the insignificance of this effect implies that its impact might not be robust
across different conditions or may only occur under optimal environmental circumstances.

In sum, the long-run results reveal that while temperature and precipitation individually suggest positive impacts on potato
yield, they lack statistical significance, indicating that these benefits are not strong or consistent without other favorable
conditions. CO, on the other hand, shows a marginally significant negative impact, suggesting that sustained high CO; levels
might ultimately lead to physiological or environmental stresses that limit yield potential.

The interaction terms suggest that while CO, might mitigate some temperature-related stress over the long term, its benefits
appear limited, and combined increases in temperature and precipitation could potentially harm yield. Overall, the long-run
insights suggest that potatoes are most productive under stable and moderate environmental conditions, where neither
temperature nor moisture levels are excessively high. While CO, can initially enhance growth, its long-term effects may be
less beneficial or even detrimental, underscoring the need for climate-resilient strategies in potato cultivation.

Furthermore, the diagnostic test results suggest that the model is statistically sound. Breusch-Godfrey LM Test for
Autocorrelation and Breusch-Pagan Test for Heteroscedasticity show no issues, indicating no autocorrelation or
heteroscedasticity, which supports the robustness of the estimates. The normality test (Jarque-Bera) confirms normal
distribution in residuals, enhancing the inferences' validity. Finally, model stability tests (CUSUM and CUSUM of squares):
Both stability tests indicate that the model is stable, meaning the coefficients remain consistent over time, which adds
reliability to the model’s interpretations.

3.3. Rice
This section presents the empirical results from the ARDL analysis of rice yield in Turkiye, emphasizing both long- term and

short-term relationships with the climatic variables. The analysis relies on the optimal lag length identified by the AIC for the
model and the resultant coefficients from the ECM. The findings are encapsulated in Table 5.
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Table 5- ARDL results (rice)

Model: F(RICE,/ TEMP,, PREC,, C02,, TEMP x PREC,, TEMP x C02,, PREC X C02,)

Optimal Lag Length: (1,0,1,1,2,1,1)

F-stat: 2.034

Critical Values

Significance Level Lower Bound Upper Bound
1% 3.800 5.643
5% 2.797 4211
10% 2.353 3.599
Error Correction Model
Variable Coefficient Std. Error t-stat
c 587.749*** 139.314 4.219
APREC; -451.039*** 86.488 -5.215
ACO, 138.567*** 28.690 4.830
ATEMP x PREC, 96.149*** 18.213 5.279
ATEMP x PREC,_4 0.026** 0.011 2.312
ATEMP x CO3, -24.573*** 5.239 -4.690
APREC x €Oy, -2.060*** 0.355 -5.802
ECT;_4 -0.179*** 0.042 -4.219
Long-Run Coefficients
TEMP -775.623 1338.832 -0.579
PREC -743.793 1078.579 -0.690
cOo, 99.837 129.650 0.770
TEMP x PREC 166.459 231.318 0.720
TEMP x CO, -12.665 20.846 -0.608
PREC x CO, -5.554 5.831 -0.953
Diagnostic Tests
X3er 0.455 (0.641) R? 0.961
Xfer 0.213 (0.995) R%4; 0.940
XNorM 26.075 (0.000) Figt 45.778 (0.000)
X&amsey 0.077 (0.784) Cusum Stable
bw 1.929 Cusum(sqr) Stable

Note: See footnote from Table 3.

Since the F-statistic is below the critical values at all significance levels, we conclude that there is no cointegration. This
means that the variables (TEMP, PREC, CO,, and interaction terms) do not share a stable long-run relationship with rice
yields. Consequently, any observed associations are transient and do not imply a persistent, long-term equilibrium.

Without a long-term relationship, the interpretation focuses exclusively on short-run dynamics. This means that any
changes in temperature, precipitation, or CO> levels may temporarily impact rice yields, but these effects are not sustained over
time. For example, the negative and significant coefficient for precipitation indicates that increases in precipitation in the short
run negatively impact rice yield. This result could be attributed to potential waterlogging, where excessive rainfall leads to
poor soil aeration and oxygen availability, critical for rice root health (Colmer, 2002). Rice is often cultivated in flooded
conditions, but extreme or unmanaged rainfall can disrupt its ideal growing environment, indicating that excess moisture must
be carefully managed (Smith & Mohanty, 2018). The positive and significant coefficient for CO, suggests that increases in
CO; levels have an immediate beneficial effect on rice yield. This effect likely reflects the CO; fertilization effect, where
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elevated CO; enhances photosynthesis and growth in C3 plants such as rice, increasing yield potential in the short run under
favorable conditions (Lv et al. 2020).

The interaction terms between temperature, precipitation, and CO. provide insights into how these factors influence rice
yield beyond their individual effects. The current TEMP X PREC interaction coefficient is positive and highly significant
(96.149), suggesting that the combined effect of temperature and precipitation supports rice yield in the short run. This may
indicate that favorable temperature conditions help rice tolerate increased moisture, benefiting growth by balancing the crop’s
water and thermal requirements. The lagged TEMP X PREC interaction term (0.026) is positive and significant, indicating a
continued benefit from past favorable temperature and precipitation conditions. This delayed positive impact suggests that an
earlier balance of temperature and rainfall conditions creates a conducive environment for current rice yield, possibly through
soil moisture retention and favorable crop health (Agrawal et al. 1983).

The negative and significant coefficient for the TEMP X CO, interaction term suggests that an immediate increase in
temperature and CO, negatively impacts rice yield in the short run. This result implies that while CO, alone may benefit
growth, its combination with higher temperatures can introduce stress, potentially due to increased respiration rates or other
physiological changes that may counteract CO,’s positive effect under high-temperature conditions (Roy et al. 2024). The
significant negative coefficient for the PREC x CO, interaction indicates that combined high precipitation and CO- levels
adversely affect rice yield in the short run. This result may reflect the compounding stress from excess water and elevated COy,
which could disrupt the crop’s balance of nutrients and gases in the flooded soil, thus hindering growth (Greenway et al. 2006).

Since these environmental factors do not sustain a long-term effect on rice yields, adaptive practices that respond to short-
term changes (e.g., seasonal weather variations and CO; fluctuations) may be more effective for rice production. This could
include adjusting irrigation during rainy seasons to prevent waterlogging or using climate-adaptive rice varieties better suited
for fluctuating temperatures.

In sum, in the absence of cointegration, the analysis emphasizes short-run impacts only. The environmental factors TEMP,
PREC, and CO, influence rice yields temporarily, but these effects do not form a stable, long-term relationship. This suggests
that while managing these factors can help optimize yields in the short term, they are unlikely to provide sustained yield
benefits without additional interventions or adaptations.

However, given the absence of cointegration, it is essential to re-specify the model in first differences rather than
continuing with the previously specified ECM. An ECM assumes a stable, long-run relationship among the variables, meaning
it relies on cointegration to model both short-run dynamics and adjustments toward a long-term equilibrium. When
cointegration is absent, this assumption no longer holds, and the following issues arise:

e In an ECM, the error correction term is crucial for capturing the speed of adjustment back to equilibrium. Without
cointegration, there is no meaningful long-run equilibrium, making this term statistically invalid and rendering its
interpretation inappropriate.

e In the ECM, long-run coefficients describe stable equilibrium relationships between variables. Interpreting these
coefficients would be misleading without cointegration, as they do not represent a stable long-run effect without a long-
term relationship.

o Re-specifying the model in first differences allows for focusing solely on short-run effects, accurately reflecting the
immediate impacts of changes in the independent variables on rice yield growth. This approach avoids assuming non-
existent equilibrium relationships, ensuring the model captures only realistic short-term behaviors.

e Using a first-differenced model aligns with the statistical properties of the data, ensuring consistency and robustness
in estimating the short-run relationships. This adjustment allows for a precise and valid analysis of immediate changes in
environmental factors and their impact on rice yields, avoiding the pitfalls of misinterpreting long-run stability where none
exists.

In the revised model, we apply an ARDL structure using only differenced terms, effectively focusing on short-run
dynamics. This specification provided insight into how variations in CO; levels, precipitation, temperature, and their
interactions immediately affect rice yield growth. By analyzing only the short-run coefficients, we avoid relying on a long-run
relationship that the initial analysis indicated is absent. The results are summarized in Table 6.
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Table 6- Short-run results (rice)

Model: F(RICE;/ TEMP,, PREC;, CO2;, TEMP x PREC,, TEMP X CO,,, PREC X C0,,)

Optimal Lag Length: (1,1, 0,0,0,0,0)

Short-Run Coefficients (Conditional ECM)

Variable Coefficient Std. Error t-stat

c 0.020 0.015 1.399
ARICE,_4 -0.984*** 0.169 -5.812
ATEMP,_, -257.086* 143.771 -1.788
APREC, -396.832*** 122.237 -3.246
ACO,, 82.619** 32.443 2.547
ATEMP X PREC, 83.864*** 25.601 3.276
ATEMP X COs, -14.217** 6.074 -2.341
APREC X €Oy, -1.618*** 0.455 -3.558
A(ATEMP,) -262.259% 144.164 -1.819

Note: *** P<0.01, ** 0.01< P<0.05, * 0.05< P<0.10.

The short-run results for rice yields reveal the immediate effects of environmental variables (temperature, precipitation,
COy) and their interactions on rice production, focusing exclusively on transient, non-sustained impacts due to the lack of
cointegration.

The significant (at the 1% level) and negative coefficient of -0.984 for the lagged rice yield suggests a negative
autocorrelation in rice production. This means that higher yields in the previous period are associated with lower yields in the
current period. This could indicate cyclical production effects, potentially due to nutrient depletion or other factors that reduce
yield potential after a high-yield season.

The coefficient for TEMP is negative and significant (-257.086, significant at the 10% level), indicating that higher
temperatures reduce rice yields in the short term. This suggests that rice is sensitive to elevated temperatures, likely due to heat
stress affecting growth stages such as flowering and grain filling (Nath et al. 2022).

PREC significantly negatively affects rice yields, with a coefficient of -396.832 (significant at the 1% level). This suggests
that excessive precipitation negatively impacts rice production, possibly due to waterlogging, which can damage roots and
reduce nutrient absorption in rice paddies. Rice requires controlled water levels, and excess rainfall may disrupt optimal
growth conditions (Talpur et al. 2013; Dos Santos et al. 2018).

CO0, has a significant positive effect on rice yields, with coefficients of 82.619 (significant at the 5% level) and 83.864
(significant at the 1% level). This implies that higher atmospheric CO, levels enhance rice yield, likely due to the CO;
fertilization effect, which boosts photosynthesis and water-use efficiency (Lv et al. 2020).

The interaction terms show mixed effects. The TEMP x PREC interaction has a significant negative coefficient of -14.217
(significant at the 5% level), indicating that combined high temperatures and excess precipitation may further reduce yields.
This interaction likely reflects compounded stress on rice plants from heat and waterlogging. Other interactions show that the
presence of CO, might help alleviate some adverse effects of temperature, but the overall impact remains dependent on the
balance of these environmental conditions (Baker et al. 1995).

The significant negative coefficient for the TEMP X CO, interaction indicates that simultaneous increases in temperature
and CO; negatively impact rice yield. This suggests that while CO, alone can benefit growth, its positive effects are tempered
or even reversed under high temperatures, possibly due to increased respiration rates or other physiological stresses that
counteract CO2’s beneficial effects (Roy et al. 2024). The significant negative coefficient for the PREC X CO, interaction
implies that combined increases in precipitation and CO, reduce rice yield in the short term. This adverse effect may reflect
stress from excess water combined with altered gas exchange or nutrient uptake issues under elevated CO,, which can disrupt
optimal growth conditions and reduce yield.

In sum, short-run dynamics for rice are primarily driven by sensitivity to temperature and precipitation, with higher
temperatures and excessive rainfall leading to reduced yields. Rice is mainly affected by water management challenges and
benefits from moderate temperature conditions. Positive CO, effects indicate that elevated CO, levels can boost yields,
possibly by enhancing photosynthesis. However, this effect is not strong enough to counterbalance severe heat or excess

683




Benli & Ozdemir - Journal of Agricultural Sciences (Tarim Bilimleri Dergisi), 2025, 31(3): 670-689

precipitation impacts. The interaction terms indicate that while balanced temperature and moisture benefit rice yield, excessive
or combined increases—particularly with CO.—can lead to stress that undermines yield potential.

The CO; fertilization effects observed in Turkiye are consistent with findings from semi-arid regions in southern Europe
and North Africa, where elevated CO; levels similarly enhance yields, particularly for wheat and potatoes. Studies such as
Long et al. (2006) and Ainsworth and Rogers (2007) have highlighted that CO, enrichment improves photosynthesis and
water-use efficiency, especially in C3 crops such as wheat. However, these benefits are often conditional on sufficient water
and nutrient availability, which aligns with Turkiye’s results showing the interplay of precipitation with CO2 impacts.

Nonlinear temperature effects observed in Turkiye, particularly for wheat and rice, mirror findings from Australia (Asseng
et al. 2011) and the southern United States (Lobell et al. 2012). These regions report similar critical temperature thresholds
beyond which yields decline significantly due to heat stress. This reinforces the importance of identifying crop-specific
thresholds to guide adaptive agricultural practices.

The sensitivity of rice yields to precipitation variability in Turkiye is comparable to studies from Southeast Asia, where
monsoon patterns and irrigation availability heavily influence water-intensive cropping systems. Research by Wassmann et al.
(2009) and Peng et al. (2004) highlight similar dynamics, where rainfall variability critically determines yield stability,
particularly for rice.

Insights from these regions highlight strategies like precision irrigation, crop diversification, and genetic improvements for
heat and drought resilience, which could inform Turkiye’s agricultural adaptation measures. For example, strategies discussed
by Howell (2001) and Hatfield et al. (2011) emphasize the need for integrated water management and resilient crop varieties to
combat climate impacts.

This comparative analysis situates the findings within a global framework, demonstrating the universality and context-
specific nature of climate impacts on agriculture. By incorporating these studies, the discussion gains depth and emphasizes the
broader applicability of the results to similar climatic regions worldwide.”

Finally, while ARDL does not inherently require separate static analysis, we generate scatterplots to explore relationships
between our key variables (e.g., precipitation, temperature, CO2) and crop yields at their levels. These scatterplots provide a
visual understanding of static relationships and validate the econometric findings.

i X ) 10 i4 1) by J 6L 0l l" e) ol

Figure 1- Static relationships
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The scatterplots for wheat imply that moderate precipitation positively influences wheat yields as it provides the necessary
water for growth. However, excessive precipitation can lead to waterlogging, reducing oxygen availability and negatively
affecting yields. While rice thrives in waterlogged conditions, the scatterplot may reflect the adverse effects of excessive
precipitation, such as flooding beyond optimal levels and disrupting oxygen availability and nutrient uptake. Potatoes are
highly sensitive to waterlogging caused by excessive rainfall. This likely results in reduced yields, as reflected in the plot.
However, moderate precipitation may provide sufficient moisture for tuber development.

Furthermore, wheat generally benefits from moderate temperature increases, especially in colder months, as it extends the
growing season. However, extreme temperatures can induce heat stress, impairing photosynthesis and yield, evident in some
negative relationships in the scatterplot. The scatterplot for rice may show a negative trend at higher temperatures, reflecting
rice's sensitivity to heat stress, particularly during critical growth stages such as flowering and grain filling. The relationship in
the plot likely highlights potatoes' preference for cooler growing conditions. Higher temperatures can accelerate metabolic
stress, leading to reduced yields, as observed in the negative correlations.

Finally, the positive relationship in the wheat scatterplot aligns with the CO, fertilization effect, where elevated CO- levels
enhance photosynthesis and water-use efficiency in wheat. However, other limiting factors (e.g., temperature) can moderate
this effect. The scatterplot for rice may show a positive trend due to the short-term benefits of elevated CO», which stimulates
photosynthesis in rice (a C3 crop). Yet, interactions with other environmental factors can alter this relationship. The scatterplot
will likely capture the positive delayed effects of CO, on potato yields observed earlier. CO, enhances biomass and tuber
formation, benefiting potato yields when other conditions are optimal.

4. Conclusions

This study comprehensively analyzes how climate variables—temperature, precipitation, and CO- levels—affect the yields of
three essential crops in Turkiye: wheat, potatoes, and rice. Using an ARDL model, the research distinguishes between crops
with a long-term dependency on climatic factors and those with only short-run responses, providing insights into how
Turkiye’s agriculture can adapt to climate change in a crop-specific manner.

The findings indicate that wheat and potatoes exhibit a long-term equilibrium relationship with the climate variables,
suggesting that these crops respond to sustained climatic conditions. Wheat yields benefit from moderate increases in
temperature and CO2, which enhance growth and photosynthetic efficiency. However, extreme heat and excessive precipitation
adversely affect yield by inducing heat stress and waterlogging. In the long run, temperature positively influences wheat yields,
with a coefficient of 2223.352, indicating a substantial benefit from moderate heat. Precipitation also has a positive long-run
effect, with a coefficient of 1829.405, suggesting that increased rainfall supports wheat growth. However, the CO; effect is
negative, with a coefficient of -120.904, which may reflect diminishing returns or stress factors associated with elevated COx.
Interaction effects reveal that TEMP X PREC has a negative coefficient of -390.371, highlighting potential challenges under
combined heat and excessive precipitation, while TEMP x CO, (13.236) and PREC x CO, (8.469) suggest beneficial
combined effects of temperature or precipitation with CO,. The study’s results emphasize that wheat yields could be optimized
by implementing practices tailored to mitigate these climate impacts, such as developing drought-resistant and heat-tolerant
varieties, altering planting schedules to avoid peak heat periods, and using improved irrigation techniques to manage water
availability. Given the long-term dependency, wheat growers and policymakers must anticipate gradual climate changes and
adjust practices accordingly, ensuring yield stability.

Similarly, potatoes demonstrate a long-run sensitivity to temperature, precipitation, and CO,. Potato yields suffer
significantly from prolonged exposure to high temperatures and excessive rainfall. In the long run, temperature positively
impacts potato yields, with a coefficient of 575.145, reflecting the crop's ability to benefit from moderate heat conditions.
Precipitation also has a positive effect, with a coefficient of 507.065, indicating that increased rainfall supports potato growth.
However, the CO; effect is negative, with a coefficient of -36.623 which may reflect stress conditions under elevated CO-
levels. Interaction effects show that TEMP x PREC has a negative coefficient of -106.205, indicating potential challenges
under combined heat and precipitation, while TEMP X CO, (4.992) and PREC x (€O, (1.826) suggest beneficial combined
effects of temperature or precipitation with CO,. This adverse response highlights the crop’s sensitivity to temperature and
moisture extremes, reflecting its need for stable, moderate growing conditions. While the delayed positive effect of CO;
suggests a potential benefit under controlled conditions, this advantage may be offset by the stress introduced by heat and
water imbalances. Therefore, adaptation strategies should focus on precise water management practices, possibly including
controlled drainage systems to prevent waterlogging and soil degradation for potatoes. In addition, efforts to breed heat-
resistant potato varieties or explore growing regions with optimal temperature ranges may help mitigate climate impacts on
potato yield. Policies promoting efficient water use and sustainable irrigation systems can further enhance the resilience of
potato production under increasingly variable climate conditions.

In contrast, rice yields exhibit no long-run relationship with the analyzed climate variables, indicating a predominantly
short-term response to temperature, precipitation, and CO; fluctuations. As a result, any observed associations are transient and
do not imply persistent, long-term equilibrium. Short-run results reveal that higher lagged rice yields negatively influence
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current yields, with a coefficient of -0.984. This indicates cyclical production effects, possibly due to nutrient depletion or
other residual factors after a high-yield season. Temperature has a significant negative impact, with a coefficient of -257.086,
reflecting heat stress on sensitive growth stages like flowering and grain filling. Current precipitation negatively impacts yields
(-396.832), likely due to waterlogging and nutrient disruption, while CO, positively affects rice yields (82.619), enhancing
photosynthesis and water-use efficiency. Interaction effects include TEMP x PREC (83.864), which has a positive influence
in the short run, while TEMP X CO, (-14.217) and PREC x CO, (-1.618) demonstrate negative combined impacts of these
variables, reflecting compounded stressors on physiological or soil conditions. Adaptive management practices that respond
quickly to seasonal weather variations, such as timely irrigation adjustments, crop rotation, and drainage control, are crucial for
rice. Moreover, developing and using rice varieties that are tolerant to sudden temperature and precipitation changes can
enhance resilience, allowing rice production to withstand the effects of an increasingly volatile climate.

The study’s crop-specific findings underscore the importance of tailored climate adaptation strategies for Turkiye’s
agricultural sector. A one-size-fits-all approach to climate adaptation would not suffice, given the unique responses of wheat,
potatoes, and rice to environmental changes. For wheat and potatoes, where yields are impacted by long-term climatic trends,
sustainable adaptation strategies should be oriented toward managing gradual changes and ensuring resource availability to
support steady growth. On the other hand, a focus on adaptive flexibility is essential for rice to mitigate the effects of short-
term climatic variability.

To address these findings in a more specific manner, the following recommendations are proposed:
1. For Wheat:

o Develop advanced early warning systems to alert farmers about potential heatwaves or precipitation extremes,
enabling proactive measures.

e Increase funding for research into wheat genetic improvements focusing on heat and drought resistance tailored to
Turkiye’s regional climate variability.

o Promote the adoption of no-till farming practices to improve soil water retention and reduce the vulnerability of wheat
to sudden precipitation changes.

2. For Potatoes:

e Implement integrated water resource management systems, particularly in regions prone to waterlogging.
e Encourage crop insurance programs to support farmers in managing yield losses due to climate variability.
¢ Develop precision agriculture technologies, such as drip irrigation and moisture sensors, to optimize water use.

3. For Rice:

e Introduce floating rice varieties and enhance drainage infrastructure in flood-prone areas.
o Train farmers in seasonal risk assessment techniques to align planting schedules with favorable climatic windows.
e Pilot programs for rotational intercropping to stabilize soil structure and enhance resilience to water extremes.

4, Policy-Level Actions:

e Increase subsidies for precision agriculture tools, particularly for small-scale farmers who are most vulnerable to
climate impacts.

o Expand farmer education initiatives, focusing on the application of adaptive practices such as optimized irrigation and
climate-resilient crop choices.

o Foster collaboration between academic institutions and agricultural cooperatives to create region-specific adaptation
blueprints based on this study’s findings.

The implications of this study are especially relevant for policymakers, agronomists, and farmers in Turkiye. By employing
a tailored strategy for climate adaptation, stakeholders can guarantee that each crop is prepared to address its unique climate
risks. Policy initiatives should promote climate-smart agriculture, invest in research and development of climate-resilient crop
varieties, and support efficient water management technologies. Additionally, fostering awareness and capacity-building
among farmers can facilitate the adoption of practices that align with climate-responsive strategies, ensuring that agricultural
productivity in Turkiye remains resilient amid climate challenges.

Specifically, this study's findings suggest several policy recommendations to address the adverse impacts of climate change
on Turkiye's agricultural sector. First, improving water management strategies is essential to mitigate the effects of erratic
precipitation patterns and ensure sustainable water use. Precision irrigation systems should be implemented to optimize water
use efficiency, particularly for water-intensive crops such as rice. Additionally, rainwater harvesting and enhanced irrigation
infrastructure can reduce vulnerability to water scarcity.
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Crop diversification should also be prioritized. Subsidies and research incentives should encourage the cultivation of
drought-tolerant and heat-resistant crop varieties, enhancing resilience. Supporting crop rotation practices can help maintain
soil fertility and reduce the sector's exposure to climate extremes.

Technological innovations play a critical role in building resilience. Investments in agricultural technologies, such as
remote sensing and early warning systems, can improve climate risk management. Developing and disseminating mobile
applications to provide farmers with real-time weather forecasts and crop advisory services would further support adaptive
practices.

Integrating climate resilience into national agricultural policies is equally important. Policies should align with Turkiye’s
broader climate action goals, ensuring that adaptation strategies are well-supported and effectively implemented. Conducting
awareness campaigns and capacity-building programs can educate farmers on sustainable practices and the benefits of adopting
climate-resilient measures.

Finally, fostering research and collaboration is vital. Establishing partnerships with international research institutions can
facilitate knowledge sharing and the development of region-specific adaptation strategies. Expanding funding for research on
the combined effects of climate variables on crop yields will refine predictive models and improve adaptation planning. These
policy suggestions align with the study’s findings and provide actionable steps to enhance the resilience of Turkiye’s
agricultural sector to climate variability and long-term change.

Ultimately, this study contributes to the broader body of research on climate adaptation in agriculture, illustrating that
understanding crop-specific responses to climatic factors is essential for sustaining food security and economic stability. As
climate conditions continue to change, Turkiye’s agricultural sector can benefit significantly from these insights, guiding the
development of adaptive measures that are not only scientifically sound but also practically feasible. By aligning agricultural
practices with the unique needs of each crop, Turkiye can better safeguard its food supply and rural livelihoods, supporting a
resilient agricultural future in the face of ongoing climate variability.
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