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Abstract

Agricultural supply response is critical to economic development, particularly in a climate change
scenario. This study uses a two-step generalised method of moments approach to examine the
supply response of sugarcane to climatic and market factors in Pakistan from 1951 to 2010. The
findings reveal a complex dynamic between cultivated area and yield, influenced by speculative
behaviours, climatic conditions, regional research and development policies, and production
factors. The results emphasise the importance of strategic resource allocation to mitigate climate
impacts, develop drought-resistant varieties, subsidise farm inputs, enhance advisory services, and
research and development funding to support sugarcane intensification and biodiversity protection.

Keywords: Climate change adaptation, Market dynamics, Crop intensification, Time series
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Highlights:

e Farmers’ crop and land decisions are highly responsive to price incentives.

e Policymakers must grasp supply responsiveness to avoid agri-food disruptions.

e The supply response of sugarcane in Pakistan highlights strategic resource allocation for
sugarcane intensification and biodiversity.
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1. Introduction

The vulnerability and proneness of agri-food supply chains depend on the responsiveness of
the dynamic agricultural production system (Edison et al., 2020; Gliessman, 2021), which may
lead to food insecurity (Chavas et al., 2022), especially in a climate change scenario. These
dynamic agricultural production systems are often estimated through agricultural supply response
(ASR), that is, the acreage, yield, or output response to economic and/or non-economic incentives.
Researchers have studied specific and/or isolated impacts of ASR — for example, output prices
(Bor, Bayaner, 2009), input cost (Mustafa et al., 2016), and climate (Bassu et al., 2014; Chavas,
Di Falco, 2017) — under specific policy settings (Lavanya, Manjunatha, 2025). ASR plays a central
role in shaping farm design (Kalaiselvi ef al., 2024) and agricultural policy (Doukas et al., 2022)
to ensure sustainable and resilient agri-food supply chains.

In agricultural policy, prices influence farmers' planning decisions regarding crop production
and land use (Osborne, 2005). Low prices for farmers will discourage production, leading to food
and primary input shortages that reduce economic development (Abrar et al., 2004). Price elasticity
(the percentage rate of price changes) is mainly used for such policy evaluations, including support
price and buffer stock operations, to estimate the demand/supply gap in agriculture (Haile et al.,
2016). Therefore, within agri-food systems, the ASR of acreage and yield controls prices and
bridges any demand/supply gaps for a crop (Nkang et al., 2007).

There are several complex, interconnected subsystems in agri-food systems in which key
actors evolve dynamically. Each subsystem has unique features and behaviours that researchers



must consider before developing models to ensure they obtain plausible estimates. (1) At the farm
level, production is a dynamic phenomenon, and farmers are risk-averse (Antle, 1983), so it is
necessary to include risk and price uncertainty (Chavas et al., 2022). (2) Each crop has a unique
biological cycle, which requires consideration of crop- and location-specific characteristics. (3) It
is necessary to include theoretically and mathematically sound/consistent indicators — for example,
a clear differentiation among climate change (a decades-long and persistent long-term shift),
climate variability (shorter-term fluctuations), and climate extremes (rare or unusually intense
events). Moreover, technology is not linear, and its impact cannot be simplified by using time
trends as a proxy for technological progress (Yu et al., 2018). (4) At the market level, the roles of
buyers, intermediaries, and sellers are important within the existing marketing structure (Fligstein,
Calder, 2015) as well as the prevailing government policies/regulations. Some researchers have
already studied the problem in agricultural marketing, irrespective of ASR (Gohain, 2018;
Skogstad, 1993). However, the limited data available means that these aspects are often overlooked
in ASR research. As noted by Mbua, Atta-Aidoo (2023), there is a growing need for studies to
inform policymakers about the drivers of agricultural supply chains and to provide a pathway for
innovating agri-food systems.

Sugarcane — a crop highly sensitive to growing conditions — is a source of livelihood for
around 100 million people worldwide (FAO, 2019). Pakistan is one of the top sugarcane producers
in Asia, has the fastest annual population growth rate (1.9%), high per capita sugar consumption
(24.64 kg), and an increasing trend in refined sugar imports (28,760 metric tons). Based on these
factors, a recurring sugar crisis is looming (Pakistan Sugar Mills Association, 2021). The
Government of Pakistan has implemented the Sugar Factories Control Act (1950) to regulate the
sugarcane supply. This act established a sugarcane reservation area, restricting sugarcane growers'
options for selling their crop to only one designated mill and leaving no alternative buyers.
Although the sugarcane zoning system was discontinued in 1987, new mills still experience barriers
to entry. The millers (allegedly) collude with officials to circumvent loopholes (Pirzada et al.,
2023), discouraging competition, increasing inefficiencies in ASR, and strengthening a
monopsonistic regime (Alston et al., 1997).

The present study is designed to integrate multifaceted aspects of ASR related to sugarcane,
the agricultural region, and climate change, and its responsiveness in the short and long run within
one modelling framework via a two-step generalised method of moments with variable
instrumental technique (GMM-IV). Our study is the first of its kind. We have attempted to include
the following: (1) all important variables after robust theoretical consideration, such as climatic
(change or variability) variables considering crop phenology, disaggregated drought estimates for
climate extremes, and actual research and development (R&D) expenditures as a proxy for
technological improvements; (2) the historical evolution of acreage and yield under government
regulatory restrictions; and (3) a plausible estimation of total ASR (i.e., both acreage and yield
responses). The estimates presented in this paper may be further improved based upon the
availability of data from the year 2010 onwards, including data on agricultural-marketing-related
problems (e.g., delays in procurement [crushing season], the length of the crushing season, the wait



time for weighing and unloading, a deduction in payments, and the timing of announcement of
crop support price, among other factors).

The remainder of the article is organised as follows. Section 2 provides a literature review
that highlights the importance of sugarcane within the agri-food system and the rationale for this
research. Section 3 introduces the data selected, the construction of the derived variables, and the
statistical analysis. Section 4 covers the results and discussion, and Section 5 summarises the main
findings and policy implications. In the rest of this paper, we have used some terms
interchangeably: cultivated area for acreage or crop area; agricultural production region for region
or district; and climate dynamics for climate change as a whole (long-term gradual change), climate
variability (short-term abrupt changes), and climate extremes or shocks (rare or unusual incidents).

2. Literature review

The ASR literature has two distinct streams. The first stream is dominant and related to
crop duration: annual (Abrar et al., 2004; Lobell et al., 2013, 2014) or perennial (Devadoss,
Luckstead, 2010; Wani et al., 2015). Researchers have also considered risks and uncertainty (Antle,
1983). Price volatility is the primary source of uncertainty (Mustafa et al., 2024); it affects both
productivity — technical efficiency (Poki¢ et al., 2022) and optimal resource use — and allocative
efficiency (Mivumbi, Yuan, 2023) and, hence, overall economic efficiency (Chen et al., 2023).
The second stream has focused on devising a sophisticated methodological framework to obtain
plausible estimates (Elnagheeb, Florkowski, 1993; Mearns et al., 1997; Mendelsohn ef al., 1994).
However, the estimates are not consistent or robust, so it is necessary to systematically integrate
the climate, crop, and economic results from different types of models. Results from crop- and
location-specific models (Ray et al., 2012) can be integrated to assess the resilience of the
agroeconomic system to climate change (Chavas, Di Falco, 2017; Nelson et al., 2014) and to better
understand its underlying marketing structures.

There have been few studies on the responses of field crops to gradual climate changes at
a decadal scale. Several researchers have investigated the impacts of seasonal climate variability
on crop production (Chen, Chang, 2005; Tao et al., 2006). The effects of extreme events, such as
drought, are often ignored and/or aggregated, leading to a failure to depict ground-level water
conditions. These climate extremes also affect farmers' expectations and risk perceptions
throughout a crop cycle (Yu et al., 2021). Other studies have excluded key variables such as prices,
which are important to capture the cyclical behaviour over time (Von Cramon-Taubadel, Goodwin,
2021), the irrigated land share (Hertel, 2011), fertiliser consumption (Boansi, 2014), and the
biological cycle of crops (Devadoss, Luckstead, 2010). These omissions may result in implausible
or even biased estimates (Alston, Chalfant, 1991).

In Pakistan, there is a dearth of research on sugarcane. The first reported study on sugarcane
acreage response included only the relative price index, based on 28 years of time-series data (from
1915-1916 to 1943-1944), from the undivided Punjab region of India and Pakistan (Krishna, 1963).
Ali (1990) included sugarcane in evaluating production supply response, but only with respect to



fertiliser price. Wasim (1997) focused on the response of sugarcane (irrigated acreage) to price and
yield risk, along with plant protection measures and sugar production, based on 21 years of data
(from 1972-1973 to 1993-1994) from five districts of the Sindh province. Mushtaq, Dawson (2002)
examined the response of sugarcane acreage to wholesale prices, irrigated area, and sowing-season
rainfall using 36 years of data (1960-1996) from Pakistan. Shafique et al. (2007) analysed the
supply response of acreage and yield to the crop’s own price, the cotton price, canal water
availability at sowing, fertiliser prices, and rainfall during the sowing period, based on 32 years of
data (1970-2001) from various agro-ecological zones in Punjab. At the country level, Khan,
Hussain (2007) studied the sugarcane acreage response to the support price, water availability, and
yield using 18 years of data (from 1985-1986 to 2003-2004), while Nosheen, Igbal (2008)
estimated acreage response to sugarcane price and yield only, based on 36 years of data (197071
to 2006—07). Yaseen, Dronne (2011) estimated the response of sugarcane output (gross product per
hectare) to the sugarcane area, price, and yield using only 42 years of data (1966—-2008). Saddiq et
al. (2013) studied the response of sugarcane crop area to prices, yield, and rainfall using 42 years
of data (1970-2011) from the North West Frontier Province (now called Khyber Pakhtunkhwa
[KP]).

The synthesis of previous research from Pakistan raises serious concerns about the
plausibility of ASR estimates. To date, the long-term climate dynamics for sugarcane have not
been empirically quantified with advanced methods. When modelling dynamic production
systems, endogeneity often poses a serious challenge, making ordinary least squares estimates
unreliable. To address this issue, robust estimators that are consistent in the presence of
heteroscedasticity and autocorrelation — such as those obtained with the GMM-IV model — are
more appropriate. However, most previous studies have relied on low-frequency, aggregated data
at the national or provincial level. High-frequency panel data, by contrast, can reveal significant
differences between micro- and macro-level supply responses (Wu, Adams, 2002). Aggregating
parameters across broader geographic areas (e.g., from district to province) alters their underlying
distributions and reflects different market and policy environments. In addition, earlier studies have
rarely accounted for sugarcane's biological cycle or technological changes, both of which are
crucial for accurate estimation. These omissions can distort the representation of macro-level
dynamics and lead to biased or inconclusive results (Hannay, Payne, 2022). In ASR analysis
involving acreage, it is essential to understand the historical evolution of cultivated area and yield
(Babcock, 2015) before quantifying their roles within agri-food systems. Therefore, it is necessary
to revisit ASR analysis using high-frequency, crop- and location-specific data to generate more
concrete insights into the resilience and sustainability of Pakistan’s sugarcane supply chain.

3. Methodology

We performed a descriptive analysis to understand the historical evolution of the cultivated
area and yield; it involves a description of farm management and land use under prevailing climatic



and marketing conditions. We performed an empirical analysis to estimate and revalidate ASR for
the sugarcane crop at the district level.

3.1. Empirical model

We quantified the behaviour of the farmers’ decision variable(s) by using the Nerlovian
reduced-form model (Ngoc et al., 2022). This model has the advantage of capturing the speed of
adjustment and the rate of change in the response variable. In this model, let B; be the dependent
variable and Z; be the vector of regressors, including price and non-price factors. The Nerlovian
reduced-form model distinguishes between the actual level of the variable, B, and the desired
level, BY, which the farmer aims to achieve based on the values of the decision variables (Equation

1.

Bl =0'Z, + ¢, (1)
The actual level then adjusts towards this level, according to Equation (2):
By = Bi_y + A(B{ = Bi_1) + &2 (2)

where A is the speed adjustment to the desired level. This means that the change in any given period
is proportional to the gap between the actual and desired levels in the previous period (i.e., BE —
B;_1), so our model is dynamic (Tenaye, 2020). When this parameter is close to zero, adjustment
is slow, while a high value indicates fast adjustment.

For the present study, we specifically derived Equations (3) and (4) for the current
sugarcane cultivated area (4, in 000 ha) and yield (Y;, in tons/ha) responsiveness in the i"* districts.
A = ao + a1 Py g + axZip + azAje g + Wi (3)
Yie = Bo+ BiPi_1 + BaZiy + BV + Vi (4)
Where P is the price of produce and fertilisers (cost), Z is an array of exogenous variables (non-
price factors), (oo, Po) is the offset parameter, and (i, 3it) are the noise components. a and f are
short-run elasticities with respect to price and non-price factors for the cropped area and yield,
respectively.

All variables are expressed in the logarithmic form (e.g., A" = log A), while allowing the
total production (TP') response to be expressed in logarithmic terms as a sum of the area and yield
responses (TP’ = A" +Y"). When the area (a3) and yield (f3) elasticities are higher, farmers who
cultivate sugarcane make faster adjustments (Wang et al., 2020).

We also hypothesise that growers are rationally efficient (Liu ef al., 2016) and all long-run
elasticities exceed the short-run elasticities (Tenaye, 2020). Farmers quickly adjust their cultivated
area to the desired level if the adjustment coefficient is close to 1 and vice versa. In addition, the
presence of lagged dependent variables can lead to autocorrelation. The two-step GMM-IV model
(Baum et al., 2003) is appropriate if the error distribution is not independent of the distribution of
the regressors. We used the GMM-IV model to compute the area and yield response estimates to
ensure robust homoscedasticity and autocorrelation consistency while treating lagged dependent
and price variables as predetermined (i.e., instruments).



3.2. Construction of the variables

We considered sugarcane fertiliser uptake and diammonium phosphate (DAP) prices as
essential farm inputs and precipitation/temperature as essential climatic variables (Chavas et al.,
2019). Because sugarcane is sensitive to conditions at each stage of growth, we computed a 30-
year rolling average of climatic variables for each growth stage (He et al., 2020; Rezaei et al.,
2018). In other words, the climatic variables computed for 1981 are the average of the previous 30
years (1951-1980), and the same approach is applied for the other variables and times (Van Der
Wiel, Bintanja, 2021). We considered the sample from 1981 to 2010 for further analysis.

To characterise the variability and distribution of climatic conditions, we calculated the
coefficients of variation (climate anomalies) for monthly precipitation and temperature, accounting
for the sugarcane growth stages. We identified four key stages based on consultations with national
sugarcane experts in Pakistan (personal communications) and the literature (Thornton et al., 2014):
sowing and germination (January-March), tillering (April-June), grand growth (July-August), and
maturity and harvesting (September-November). Given the importance of drought in influencing
the area and yield responses in water-scarce districts (Shehzad et al., 2022), we computed the Palfai
Drought Index (PaDI) using Equation (5) to quantify the impact of extreme events at the district
level (Jahangir, Danehkar, 2022).

ST
PaPlo = S B w) ®

where PaDlI, is the base value of the drought index (°C/100 mm), T; is the monthly mean

temperature from April to August (°C), P; is the monthly sum of precipitation from September to
October (mm), w; is a weighting factor, and c is a constant (10 mm).

3.3. Data

We based the analyses on a monthly time series from 1951 to 2010 from 20 leading
sugarcane-producing districts in Pakistan. After 2010, several new districts were created, and their
historical data became unavailable. Therefore, the final sample was restricted to 2010.



Table 1. Detailed description of the variables used in this study (for the sample from 1951 to 2010).

Variable Description Units (estimation) Sources

A Sugarcane cultivated area (x 1000) hectares

Y Sugarcane yield ton/ha

*Prices and costs

CP Cotton

MP Maize PBS

RP Rice PKR/40 kg

SP Sugarcane

WP Wheat

DAP Diammonium phosphate PKR/50 kg

Inputs

TNU Total nutrient uptake NPK kg/hectares

NU Nitrogen uptake National Fertilizer Development

PU Phosphorus uptake kg/hectares Centre (NFDC)

KU Potassium uptake

PK Phosphorus/potassium nutrient ratio

PNPK Phosphorus/total nutrient ratio Index Own calculations

PN Phosphorus/nitrogen nutrient ratio

PIC Irrigated overcultivated area ratio

R&D Researgh and development PKR (millions) NARC
expenditures

Climate

Prec. Average rainfall Moving average (mm) PMD

Temp. Average temperature Moving average (°C)

PG Precipitation at germination

PT Precipitation at tillering Average (mm)

PGG Precipitation at grand growth

PM Precipitation at maturity

PS Precipitation shocks

PSG Precipitation shocks at germination

PST Precipitation shocks at tillering Index Own calculations

PSGG Precipitation shocks at grand growth

PSM Precipitation shocks at maturity

TG Temperature at germination

T Temperature at tillering o

GG Temperature at grand growth Average (°C)

™ Temperature at maturity

N Temperature shocks

TSG Temperature shocks at germination

ST Temperature shocks at tillering Index

TSGG Temperature shocks at grand growth

TSM Temperature shocks at maturity

PaDI Pélfai Drought Index Index Jahangir, Danehkar, 2022

Notes: The real prices of crops and fertilisers are nominal prices deflated by the consumer price index (CPI) retrieved
from the World Bank in the actual model estimation. All variables were used in the logarithmic form except for
drought. Note that TNU considers the use of nitrogen, phosphorus, and potassium fertilisers.

We considered districts with sufficiently high sugarcane production (>5% share in national
sugarcane production) and the availability of meteorological observations and the existence of a
district from the 1950s (Hazrana et al., 2020). Based on these criteria, we selected nine districts



from Punjab, eight from Sindh, and eight from KP. The Pakistan Bureau of Statistics (PBS)
provides district-level data on area, yield, total macronutrient uptake (NPK nutrients), crop prices,
and fertilisers. The National Agricultural Research Centre (NARC) in Islamabad, Pakistan,
provides the R&D expenditures. The Pakistan Meteorological Department (PMD) provides
district-level data on climatic variables. Table 1 reports the variables and their sources, including
the derived variables.

4. Results and discussion

4.1. Descriptive analysis

Our analysis shows that the farmers’ allocation decisions result in significant variations in
the sugarcane-cultivated area and yield. In Sindh, the area is around 40,000 ha, and the yield is
around 14 tons/ha (Table 2). These values for this province have been ascribed to the appearance
of new sugar mills, a favourable environment for cultivation, and improved technical and allocative
efficiency of farmers from 1981 to 2010 (Khushk et al., 2011).

There is a skewed, intermittent distribution of R&D expenditures across provinces. From
1981 to 2010, the highest R&D expenditure was in Punjab (around 14 million) and the lowest in
KP (0.20 million).

The highest annual precipitation was in KP (41 mm), and the highest monthly mean
temperature was in Sindh (28°C). Although the average temperature is almost equal to the optimal
value for sugarcane (27°C; Ebrahim et al., 1998), there are considerable variations throughout the
sugarcane crop cycle. Precipitation and temperature variability are more pronounced in KP (12
points) and Sindh (5 points). In contrast, the coefficients of variation of precipitation and
temperature shocks are higher in Sindh (125%) than in KP (40%).



Table 2. Descriptive statistics of the variables (for the sample from 1981 to 2010)

. KP Punjab Sindh

Variable

Mean SD Mean SD Mean SD
A 30.03 18.17 57.27 32.72 40.51 39.78
Y 41.85 6.77 42.32 6.92 46.67 13.44
TNU 582.65 452.02 913.36 1533.25 1341.98 986.64
CpP 851.75 288.77 851.75 288.15 851.75 288.25
MP 315.83 87.69 316.60 82.37 319.93 79.56
RP 672.45 714.05 672.45 710.05 672.45 710.30
SP 45.66 28.33 45.30 28.03 46.07 28.31
wpP 391.70 277.26 391.70 275.70 391.70 275.80
DAP 869.23 645.00 869.23 641.39 869.23 641.61
PaDI 4.83 2.02 11.02 6.04 6.74 6.91
PS 7.00 1.41 6.86 3.00 5.52 2.39
TS 1.99 0.59 2.59 0.25 3.05 0.51
PIC 1.16 0.44 0.94 0.35 0.70 0.31
PKR. 54.76 68.16 38.65 69.05 24.31 20.72
PNPK 0.19 0.06 0.18 0.05 0.18 0.04
PN 0.24 0.11 0.229 0.08 0.24 0.12
Prec. 40.95 13.72 34.76 18.43 15.54 8.60
Temp. 22.33 2.28 25.65 1.56 27.51 1.21
R&D 0.20 0.23 14.20 10.91 2.04 3.00

Notes: See Table 1 for a description of each variable. For simplicity, the interactions of the climactic
variables (Temp. and Prec.) with crop phenology have been omitted.

There has been a severe drought-like situation in Punjab, compared with Sindh (moderate

drought) and KP (mild drought), across the sugarcane-producing districts (Figure 1). This situation
1s another reason for KP's high natural potential for sugarcane production, compared to Punjab.
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Figure 1. The drought situation according to the PaDI index categories within the Pakistani sugarcane-
producing districts from 1981 to 2010.

e —
65° 70° 75°

35°
35°

30°

Legend
®@ Drought less Year
®€ Wild Drought

Bl
@4
L 4
)

5 Heavy Drought

Moderate Drought

B i Serious Drought
@@ Very Serious Drought

@@ Extreme Drought

25"
25

65° 700 7
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(10-15); very serious drought (15-30); and extreme drought (>30).

4.2. Area and production trends

Figure 2 presents the sugarcane cultivated area and production from 1981 to 2010. The
changes over time reflect the growers’ choices and cropland planning. The only district to show
significant growth in sugarcane-cultivated land is D.I. Khan in KP. These increases in cropland
result from adjustments in cropping patterns or the occupation of pristine land, especially in the
D.I. Khan district. The recent study by Hussain, Khan (2021) supports our results, as they reported
a higher deforestation rate in the D.I. Khan district.

During 1999-2000, there were spikes in production in five districts: Peshawar in KP;
Muzaffargarh in Punjab; and Mirpur Khas, Sanger, and Thatta in Sindh. During this time, the
recorded production harvested led to a domestic surplus in the sugarcane supply, despite a reported
13% reduction in cultivated area. The boom cycle ended within the next three years; as a result,
sugar prices remained stagnant (Pakistan Sugar Mills Association, 2000). Production offset the
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trend of increased cultivated area in the Gujrat, Lahore, and Sargodha districts, especially in 2004-
2005.

The reason for such trends can be attributed to different growth rates in cultivated area
(0.4%) and yield (2.9%), and to an increase in sugarcane price support (1.5 times from 2005 to
2010) in Punjab (USDA-FAS, 2021). In the Bahawalnagar district (Punjab), farmers have
exchanged land for more profitable crops, such as rice, resulting in a drastic decrease in acreage.
Overall, the results indicate no uniform relationship across the districts. Farmers are making quick
adjustments in area allocation and optimising farm inputs as mitigation and adaptation strategies
to offset the negative impacts of climate change.

Figure 2. District-wise sugarcane area and production trends in (a) KP, (b) Sindh, and (c) Punjab from 1981
to 2010.
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Sugarcane Area and Production Trends: Districts of Punjab (1981-2010)
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4.3. Dynamic changes

This section focuses on understanding the magnitude and speed of technological
adjustments (Table 3). We used the under-identification (p < 0.05), weak identification (F =
1742.677), and over-identification (p > 0.05) tests to validate the results.

The lagged coefficient is higher for the area than for the yield (0.94 vs 0.57), which agrees
with the outcomes described in the previous section (Table 3). The higher sugarcane production
may be attributed to horizontal expansion (which can be related to the imperfections of the market).
The adjustment coefficients for the area and year are <1, indicating a slow adjustment in the long-
run equilibrium. The current pace of the farmers’ decisions is expected to bring the yield back to
equilibrium in approximately 2.3 years in the case of an unexpected (price and non-price) shock.

We addressed the sugarcane supply-climate change nexus using linear and nonlinear
parameterisations of climatic variables. Precipitation shocks at grand growth (0.39%) and maturity
(0.51%) resulted in positive shifts, as indicated by a combined increase of 900 ha in sugarcane area
allocation. A pronounced (non-linear) impact of precipitation at the tillering stage resulted in a
0.20% increase (an additional 200 ha) from 1981 to 2010. Optimal rainfall is crucial for a higher
number of tillers and thus a higher sugarcane yield (Vasantha et al., 2012).

The cultivated area is more responsive to the linear temperature changes than to its non-
linear fluctuations. There is an increase of approximately 470 ha in sugarcane land due to a 1%
increase in temperature at the tillering stage. In contrast, temperature at the grand growth stage
shows a parabolic pattern, as indicated by the significant squared term in the model (i.e., TGG?).
The temperature increases linearly at the maturity stage and has a significant negative (-0.44%)
short-run elasticity, resulting in a 440-ha decrease in the sugarcane-cultivated area (de Medeiros
Silva et al., 2019).
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Table 3. The estimated sugarcane supply response in selected Pakistani districts (1981-2010)

Area Yield Area Yield
Variable (x 1000 hectares) (tonnes per hectare) Variable (x 1000 hectares) (tonnes per hectare)
P £ standard error p £ standard error p £ standard error P £ standard error
R&D 0.014 +0.017 -0.127£0.072" A4 (t-1) 0.936+ 0.020"" -
PIC 0.050+ 0.026™ -0.084 £ 0.094 Y (t-1) - 0.565+ 0.062"*"
PK -0.016+ 0.009" -0.016 £ 0.019 PN 0.250+ 0.143" 0.270 £ 0.538
T -0.465+0.192™ 0.257+0.792 PNPK -0.193+0.106" -0.230 +0.398
GG 0.837+0.292"* -0.594 + 0.975 Constant -0.339+0.120™ 0.146 £ 0.317
™ -0.435+0.227° 0.509+0.825 PT° 0.202+ 0.069™" 0.059 +0.142
PSGG 0.387+0.115™ -0.859+0.624 TGG’ 0.081+0.048" -0.180 +0.132
PSM 0.506+ 0.222*" -0.216 £ 0.506 TSG -0.302+0.174" 0.346 + 0.760
TG x PG -0.148 £ 0.218 0.934+0.560" TST 0.107+0.051™ 0.016 £ 0.131
1T x PT 0.135+0.076" -0.068 + 0.253 CP 0.090+ 0.039™ 0.360+0.117"*"
GG x PGG 0.102+ 0.049™ -0.247+0.109" RP 0.140+ 0.043™ -0.006 + 0.156
DAP -0.085 + 0.052 -0.285+0.142" SP -0.264+0.076™ -0.013 +£0.181
DAP x CP -0.133+0.058™ -0.661+0.208"" DAP x SP 0.225+0.082"*" 0.467+ 0.235™
DAP x RP -0.286+0.067" -0.330+0.163" DAP x WP 0.126 £0.113 0.420+ 0.246"
Area Yield
Observations 380 380
Under-identification test
Kleibergen-Paap rk LM statistic 42,9127 55.735™"
Weak identification test
Cragg-Donald Wald F statistic 1742.677N8 1696.233N8
Over-identification test
Hansen J statistic (p-value) 0.237 0.409
F-test for joint significance (p-value) 0.000 0.000

Note: See Table 1 for a description of each variable. All variables are standardised before deflating the price series (crops and fertilisers) with the

consumer price index. The reported standard errors are robust to heteroskedasticity and autocorrelation. The coefficients are two-step GMM-IV
estimates, including the lagged dependent variable and predetermined price variables. The results for non-significant terms are omitted: A (for yield
only), and PaDI, PG, PT, PGG, PM, TG, PSG, PST, TPG, TPM, PGG®, PM’, TG®, TT’, TM’, TSGG, TSM, MP, WP, and DAP x MP (for area and
yield). The asterisks indicate statistical significance: ***p < 0.01, **p < 0.05, and *p < 0.1. NS means not significant.
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The average temperature in our sampling framework during this stage was 25°C, whereas the
optimum temperature for sucrose accumulation at maturity is 12-14°C (Verma et al., 2019). The long-
term implications of these results include changes in production (food availability), disruptions in food
volume, and alterations in trade patterns in domestic and international markets (Santeramo et al., 2021).

It appears that R&D expenditure significantly (and adversely) affects the yield response, with a
short-run elasticity of -0.13%. In Pakistan, R&D investment in cereals has been higher than in sugarcane.
Most R&D expenditure has focused on maintaining sugarcane yield rather than enhancing it (Abraham,
Pingali, 2021). These results highlight the uncertainty that arises from underinvestment in R&D (Pardey
et al., 2006) and imperfect market conditions (Mai, Lin, 2021), questioning the validity of previous
computed results.

Regarding the farm inputs, the short-run elasticity of the P:N ratio is 0.25%, resulting in a higher
area response than the P:K ratio (-0.02%) and the P:NPK ratio (-0.19%), decreasing the sugarcane area
response. This result indicates that the imbalance in fertiliser use stems from the use of potassium
nutrients, which may reduce the sugarcane crop area. These imbalances can be ascribed to a lack of
subsidies and increasing prices (Ali et al., 2016).

According to economic theory, we should expect important effects from complementary crops
(Santeramo ef al., 2021). The cotton price has significant positive short-run elasticities for area (0.09%)
and yield (0.36%). Specifically, growers are unable to convert the area used to cultivate sugarcane to
area used to cultivate cotton, as the sowing time overlaps with sugarcane (starting in mid-February). The
yield response to cotton prices is higher, as sugarcane farmers could earn higher profits in September
from conventional cotton harvesting. Farmers can purchase inputs used to grow sugarcane on time, just
before the crop matures.

The relationship between sugarcane price and area (yield) is negative, in contrast to standard
production theory (Yu et al., 2012). The growers reallocate only around one-fourth of their desired level
within 1 year as their price elasticity is -0.26%. This could be attributed to delayed or reduced payments
by sugar mills compared with the announced prices. The beginning of the late cane-crushing season is
another important factor. These adjustments are further exacerbated by increased DAP prices and an
additional 0.09% reduction in the sugarcane area in the short run. The impacts of increased DAP prices
are more pronounced in the yield response, with approximately a 30% reduction in yield accounting for
these price surges.

4.4. Elasticity of price and non-price factors

The rice and wheat prices have positive short-run elasticities, while the sugarcane price has a
negative short-run elasticity for the area (Figure 3). Overall, the short-run price and non-price elasticities
for the area response are very small, except for precipitation and temperature at the grand growth stage
(B <0.50). Regarding the yield response, four non-price factors — precipitation at grand growth (0.84%)),
temperature at germination (-0.67%), temperature at grand growth (-0.59%), and temperature at maturity
(0.51%) — show higher short-run elasticities. Overall, price leads to positive changes in the sugarcane
supply response: a 1% average price increase may increase the supply response by 0.07% in the long run.
Non-price factors, such as precipitation and temperature, have negative long-run elasticities. This
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outcome confirms that the average non-price supply response is higher than price responses, and in the
long run, acreage does not increase with the price (Siegle ef al., 2024).

Figure 3. The estimated short- and long-run supply elasticities of sugarcane in selected Pakistani districts (1981-
2010).

Sugar cane Supply Elasticities in Districts, Pakistan (1981-2010)
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Note: The long-run supply elasticities were calculated by dividing the short-run elasticities by (1-f3). The asterisks
indicate statistical significance: ***p < 0.01, **p < 0.05, and *p <0.1.

5. Conclusions

The sustainability of the sugarcane supply chain in Pakistan is at risk. The historic agriculture
pricing policy has been inconsistent and ineffective and disincentivised [sugarcane] farmers to ensure
the food system is resilient and sustainable. Sugarcane farmers behave idiosyncratically due to incoherent
changes in agricultural policy and the inherent, invisible monopsony in the sugar[cane] market. Farmers
have had to make trade-offs to find an optimal farm mix. Some of the paradoxical responses of growers
may be explained by speculative behaviour driven by persistently higher [cane] sugar prices, leading to
an expansion of the sugarcane area rather than an increase in yield.

Our study reveals that the previous sugarcane supply response findings require revalidation
because important determinants have been excluded. In the long run, climate change undoubtedly
influences the sugarcane supply response. However, these impacts are not uniform across the region or
across all crops throughout the entire agricultural production cycle. Temperature has a more pronounced
effect on the cropped area than on yield in the absence of sufficient R&D expenditure. These funds are
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crucial to mitigating the impact of climate change by developing new, area-specific, drought-tolerant,
and/or heat-resistant varieties. Moreover, the volatility of input prices (i.e., DAP prices) has led to
inefficient resource use and reduced sugarcane productivity.

The sustainability of the sugarcane supply chain depends on the introduction of radical, robust
policy initiatives in the sugarcane market. These policy initiatives may be introduced as a sugarcane
sector reform package. It should provide remedial measures to address the power imbalance between
farmers and cane sugar manufacturers, promote competition, eradicate mill monopolistic abuse, and
improve industry competitiveness. This can be achieved by removing unnecessary regulatory
prerequisites and/or barriers to setting up and running new sugar mills (this issue requires further
investigation), and by increasing R&D expenditure to modernise the sugarcane supply chain and ensure
its resilience and responsiveness to real-world agricultural challenges.
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