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1. Introduction

Water is a fundamental for human, consequently crop water use efficiency is a multifaceted concept.
Particularly, water security dilemma is largest in the arid climatic region, where potential evaporation is larger
than precipitation and the situation constitutes a formidable challenge. Since, it not only affects crop
productivity but also serves as an indicator of the impact of socio-economic factors on water governance,
management and distribution (Barros, 2013). For this reason, natural resource economists very recently started
to find out the correlation between crop water use efficiency and its relationship with other important socio-
economic and climatic factors and Pakistan has no exception, because the country is located in the northern
hemisphere (Khan, et al., 2024).

Extreme weather events are complex in nature and there are numerous interrelated factors that affects a
country’s sensitive geographical characteristics. The long-term climate index indicates that Pakistan ranks 8"
in the list of most affected from 2000 to 2019. The agriculture sector is the most affected sector due to the
climatic variation, particularly the cotton zones in the country are situated in arid and semi- arid geographical
settings. Therefore, scarcity of natural resources and the mounting population pressure in cotton zones in
Pakistan is a key driver to increase in cropping intensity. Resultantly, the frequent stress on natural resources
such as on water and land has already been documented. This is the reason why Pakistan lies on to the ascending
limb of environmental Kuznets curve. (Nazir, et al., 2024; Naz and Kousar, 2024; Ajani and van der Geest,
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2021; Hatfield and Dold, 2019; ). Because water resources are the most important component for agriculture
productivity, particularly during extreme weather conditions. So, it is imperative to assess how much water is
actually required, because climate change is already contributing into the overall water use efficiency for other
sectors as well. Even though, for a century, scientific advancement has fueled agricultural progress globally.
However, Pakistan still faces significant challenges in achieving sustainable development goals 1,2, and 6 due
to climatic stress, including increased in droughts, floods, unpredictable rainfall, and population growth
(Muijtaba et al., 2024; Fatima, and Imran, 2024; Sarwar et al., 2024; Fazeli et al., 2018).

Punjab and Sindh are the two main provinces where cotton crop is being cultivated, but the crop cultivation in
Pakistan is vulnerable due to the above said challenges. Despite the fact that the country was once ranked 5%
globally by 2019, however, over the years cotton production has declined significantly in the country along
with the decreased in yield kg per acer since 2009, (Ashraf, et al.,2018). This declined is attributed to factors
such as climate change, reduced cultivation area, water scarcity and pest infestation. Consequently, the country
is facing a growing reliance on cotton imports which is impacting the economy by increasing the raw material
cost for textile industry (Chaudhary et al., 2024; Sengupta and Thangavel, 2023; Janjua and Hassan, 2020; Ali
etal., 2019; Hoekstra et al., 2011; Hoekstra and Hung, 2005). Because cotton is a water intensive crop requiring
significant amount of water for one plant than to other major crops like maize and pulses (Igbal et al., 2024;
Saeed. et al., 2024; Igbal, et al., 2023; FAO 2021). Moreover, over abstraction of groundwater in a cotton
producing areas of the provinces (Punjab and Sindh) is increasing substantially, which is a leading cause to
declining soil moisture. This becomes critical during dry years due to reduced rainfall, and increase in water
demand. Resulting in decreased overall agricultural production and lower revenue generation for the year.

Therefore, the main objective of the study is to explore cotton water use efficiency in Sindh and Punjab by
integrating both geo-climatic and socioeconomic factors. Additionally, the study addresses the common
observation of increasing crop yield per acre while maintaining long-term water resource sustainability.
Therefore, the research study takes the three-research questions: first, is the cotton yield per acre in Pakistan
correlating with higher water intake? second, which province excels in managing surface water resources for
cotton crop yield? and third, are socio-economic factors pertinent to crop water use efficiency? All the above-
mentioned study questions are critical to achieving a long-term prospectus of Pakistan's agricultural growth.
Especially for the integration of smart water management practices in the cultivated area. As over the years
decreased in groundwater level and declining soil moisture have significantly increased water demand for cotton
cultivation (Shahzad et al., 2022; Javed et al., 2015; Zulfigar and Thapa, 2021; Muhammad et al., 2022; Nasir
et al., 2021; Razzaq et al., 2019). Indeed, a critical knowledge gap exists regarding the impact of inefficient
farm water use management practices amidst climate change and the specific microenvironmental factors that
are limiting cotton production. This study aims to address this gap by examining the factors influencing cotton
water use efficiency (WUE) in Pakistan.

In epitome, for agricultural growth, the cotton water use efficiency analysis is an important subject matter, due
to being water intensive and major cash crop of Pakistan. Therefore, the study is a comprehensive assessment
of cotton water use efficiency as it concurrently examines both of the factors: the effects of population pressure
on water availability at the farm gate; role of farm inputs in farm yield over the years by taken into account
climatic variation. A comprehensive approach of this nature has not been extensively undertaken in the past.
(Tokel, et al. 2022; Wani et al., 2022; Zulfigar et al., 2021; Jamil et al., 2021; Jeswani, and Azapagic, 2011,
Sunding, 2005, Kijne, et al., 2003). The study subsequent sections are as follows: literature review, conceptual
framework and hypothesis development, research methodology, results and conclusion with the sub heading of
policy implications.

2. Literature Review

Water security is a critical concern, particularly in arid regions where potential evapotranspiration exceeds
precipitation. This scarcity poses a significant challenge, especially considering the growing demand for water
and other natural resources driven by a burgeoning population particularly in the less developed countries. This
urgency underscores the need for research to support the integration of sustainable agricultural farming
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practices. (Falkenmark and Rockstrém, 2006). The concept of water use efficiency was first introduced by
Briggs and Shantz (1913), who investigated the relationship between plant productivity and water consumption.
Since then, numerous studies have explored various aspects of water use efficiency in agriculture. Dong et al.,
(2014) evaluated China’s interprovincial water disparities using an inter-regional input-output model. Their
findings revealed a strong correlation between provincial water foot prints and GDP, highlighting that northern
and western province often water -scarce are net water importers. Tiwari et al., (2015), investigated the
relationship between crop productivity and climate variation in Nepal. They analyzed data on four major cash
crops (paddy, maize, wheat, and potato) from 1975 to 2011), considering factors such as temperature, rainfall
and economic variables. Their multivariate regression analysis demonstrated a significant impact of climate
variables on crop yield, with heterogenous effects observed across different crop and locations. These findings
emphasize the crucial role of climate in determining crop productivity, particularly withing the growing season.
Xue et al. (2017) examined the impact of water consumption efficiency and productivity on sustainable food
supply in China. They analyzed data from two major irrigation districts, focusing on the role of regional
evapotranspiration from groundwater (ETg) and regional evapotranspiration (ET). Their findings indicated that
water saving practices are more effective in arid and semi-arid regions, where shallow groundwater contributes
significantly to irrigation. This research highlights the importance of shallow groundwater in enhancing regional
water consumption efficiency and productivity, ultimately contributing to increased agricultural output.

Wang et al., (2020), observed rapid economic growth in China’s agricultural sector between 2000 and 2017,
with a significant increase in GDP share. This growth, however, was accompanied by a substantial rise in
agriculture water consumption. Utilizing panel data from 31 Chinese provinces and employing stochastic
frontier analysis, the study found that agriculture water use efficiency (AWUE) has improved over time. It is
primarily by government investment in infrastructure development and education. Key influencing AWUE
factors are: per capita income, primary school enrollment ratio, total sown area, reservoir storage capacity, and
the use of water saving technologies such as electric and diesel motors. The research also highlights the
significant role of socio-economic factors in enhancing water use efficiency within Chinese agricultural context.
Similarly in Pakistan, Abbas, S. (2020) investigates the impact of climate change, area under cultivation, and
fertilizer consumption on cotton production in Pakistan from 1980 to 2018. Employing an Autoregressive
Distributed Lag (ARDL) model, we find cointegration among the variables. Though increase in temperatures
have an insignificant positive impact on cotton yield, suggesting that higher temperatures do not necessarily
lead to increased production. A significant positive effect is observed in both the long run and short run. The
study emphasizes the need for Pakistan to mitigate climate change through measures such as forestation, dam
construction, and the adoption of environmentally friendly agricultural practices to enhance cotton production
and ensure sustainable agricultural development.

Zulfigar, and Thapa, (2021), examined water security challenges in cotton production in Punjab, Pakistan.
Findings revealed that inefficient irrigation practices, particularly excessive flood irrigation, significantly
contributes to water losses and declining groundwater levels. Despite economics importance of cotton crop the
water use inefficiency negatively impacts the environment. The results of the study found that improving water
use efficiency in cotton production is possible, with potential for at least a 14% increase. Policy
recommendations emphasize the adoption of more efficient irrigation methods, such as drip or sprinkler
irrigation, to enhance water use efficiency and mitigate environmental impacts in cotton production across
Pakistan and other South Asian countries.

Zhou et al. (2022) investigated the impact of urbanization on AWUE on 30 Chines province from 1999 to 2018.
Using the super SBM model to measure AWUE and an entropy -based index to evaluate urbanization, their
analysis, conducted through a dynamic spatial model protection. Notably, urbanization positively influenced
AWUE in neighboring regions by raisin farmer awareness about water saving practices. Similarly, Ahmed et
al., (2023) conducted two years field experiment (2018-19) on cotton farms in Pakistan. The study evaluated
the impact of different irrigation levels (50 % and 100 % of available water content) on cotton varieties (CIM-
343, CYTO-510, CRIS-613, and CIM-678). Using time Using time-domain reflectometry (TDR-200) to
monitor soil moisture, the researchers found that careful water management can maintain crop productivity
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even under water stress conditions in arid regions, minimizing yield losses. All of previous studies (Lu, et al.,
2022; Nasir, et al., 2021; Javed, et al., 2020; USDA 2019; Imran, et al., 2019; Safitri et al., 2018; Velasco-
Mufioz, et al., 2018; Shuli, et al., 2018; Cosentino, et al., 2015; Hoekstra, 2013; Jeswani, et al., 2011; Rajan, et
al., 2010; Sunding, 2005) have proved a strong link between crop water use efficiency in provincial or national
GDP growth.

The literature review discloses that farmer carefully considers the availability of water and land resources when
making decision. Moreover, agriculture production significantly influenced by population growth, land use,
and the farmers education level. Notably the choice of irrigation technology impacts demand for crop, since the
cotton is a water-intensive crop, and its water demand has ranked 3 after the sugarcane and rice. But date
none of the previous study has specifically examined cotton crop water use efficiency in the context of Sindh
and Punjab. So, the study is a contribution concerning cotton water use efficiency by considering socioeconomic
and geo spatial factors and related policy implications.

3. Conceptual Framework

The concept of natural resource use efficiency (NRUE) was first introduced by Sprengel in (1826, 1827),
who defined it as the ratio of output to input. Liebig (1840) presented the law of the optimum, which states
that the optimal supply rate and ratio of inputs maximize output , (Riddiford, 2021; Liebig, 2006). The concept
has been widely applied in agriculture, ecology, and environmental sciences?. For this study the Cobb Douglas
production function is used to develop an empirical model.

Y = A R W, K ) e Q)
1. Y=0OutPut (Yield Kg Per Acer)
2. A= Technological Advancement (TFP)
3. R2= Natural resources (land area under the crop cultivation, temperature, rate of precipitation)
4. W= Water
5. K= Capital (Spending on Fertilizer, Government Spending on the Improvement of Infrastructure).

The above given Cobb Douglas production function in equation no 1 is used as a base model equation to
calculate water use efficiency (WUE), by employing the common measure of NRUE in agriculture®. The
WUE variable has been generated as the dependent variable for the study and has been used as a function of
other factors. Such as the ratio of yield (YY) to water inputs, and substituted it into the original production
function to obtain:

Y:WUE = (A * R * WAB x KMy) /W o 2
Simplified:
WUE = A% R * WANB —1) % KMo 3)

In this revised function, WUE is now the dependent variable, and the independent variables are:
1. A: Technological Advancement
2. R: Natural Resources (land, temperature, precipitation)
3. K: Capital (fertilizer, infrastructure)
4. The coefficient (B-1) now reflects the elasticity of WUE with respect to water input.
Finally, it becomes:

L NRUE is an important concept for sustainable development, as it allows us to produce more goods and services with fewer resources.

2 Land (area of land “A” under crop cultivation), temperature, and precipitation belong to the class of natural resources, and these denotes by “R” in to the
production function equation no 1.

% The author has presented the standard Cobb-Douglas production function where yield (Y) is the dependent variable: Y = A * R"a * WAB * Ky

WUE as Dependent Variable.
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(W) WUE =Y /W oot (4)
WUE = (Crop yield) /| (Water applied)..........c.cccovuiiiiiiiiiiiiiinininnn. 5)

This formula is derived from the work of Briggs and Shantz (1912), who were early pioneers in the field of
plant physiology. Since then, many prior studies (Ngobeni, and Muchopa, 2022; Dhital, et al., 2018; Jones,
2004) have used water use efficiency as a key determinant to evaluate the benefits of applied water through
economic crop production because it measures obtained output from a given input.

3.1 Calculation of Water Requirement for Cotton Crop
The following formula of water use efficiency is used to measure the WUE of cotton crop over the years from
1975 to 2022.

1. WUEc = Water Use Efficiency for Cotton

2. Y = Yield Kg Per Acer

3. W = Water Requirement for Cotton Crop (mm)

4.

WUEC = (6)

4. Research Methodology

4.1 Stationarity Unit Root Test

The Philips-Perron test for time series unit root test (Biometrika, 75 (1998) page no 33-46) has been used to
estimate the long-run and short-run variance of the series over the years. The test considers the non-parametric
approach of serial correlation and tests the null hypothesis that the series is integrated at I(1) order, and level
(Igbal, et al., 2021)*.

wuecnt = Y+t + pwuect — 1 + ut drift with linear trend...... ... ... ...... (T)

Hypothesis
1. Ho: p=1, pl=p2=p3=p4=p5 (Not Stationary, No Cointegration)
2. Hi:p<1, pl=p2=p3=p4 =p5 ((Stationary, Cointegration)

4.2 Model Specification

After the stationarity test (unit root test of univariate series) the study used the widely recognized approach
for time series analysis the autoregressive distributed lag (ARDL) model. The regression technique is
considered appropriate when the variables are stationary at their level | (0) and integrated at the difference |
(D. Since the statistical regression model generates short-run and long-run elasticities for large and small
sample sizes and meanwhile follows the ordinary least square (OLS) method for cointegration among the
variables, (Nasrullah, et al., 2021; Duasa, 2007; Afriyie, et al., 2020; Narayan, and Smyth, 2006).

The dependent and explanatory variables in the following model has been regressed separately for each
province to get more precise results.

For long run:
&Fit I (8)

For short run:
Awuecni —t =;_ Bo + Xi_ @Awuecni =¢_; X Xi o XT1 + Xf ¢ vT2i ¢ + Xj_ 0Pt _¢ + X &
CWi_¢ + X VFi—t + Dl wA; ¢ + X _(TlGe; ¢ + Xf _YCW, ¢ + Xi _(WEi ¢ +

D KPi e X WP I, =t 4 € i 9)

ij—t

4 The (PP) unit root test is different from the ADF test specifically concerning serial correlation and heteroskedasticity in the
errors.
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B, ¥ a,Y, 0,0,y d, £, %, o, § are long-run parameters in the above-mentioned equation 8, whereas equation
9 is for a short run which included Po, as a drift component @, y, v, 0, <, V, o, 1, ¥, W, K, € are short-run
parameters. In addition to this” i is for province “t” is for time phenomenon.

ECTi—t istheerror term which disclose the value of convergence from short run to long run. Its
coefficient value must be between 0-1, though some studies have suggested that it can be between (-1 to -2),
(Ibrahim, et al., 2011; Phillips, and Perron, 1988).

Table 1: Variables for the Study

Dependent Variable:

1 WUECc | water use efficiency for cotton (for Punjab and Sindh)

Independent Variables:
2 T1 Minimum temperature for the cotton-producing zones in province I, in year t
3 T2 Maximum temperature for the regions which are cotton-producing zones in i

province |, in year t

P Rainfall for the cotton-producing zones in province i, in year t

Total cropped area for cotton in province | in year t

Government expenditure on infrastructural development in million rupees

O [ep} ol &~

GE (each province (Sindh and Punjab)
E Primary school enrollment in province | in year t
F Fertilizer consumption in province I, in year t
Pd Population density in province I, in year t
10 cW Canal water Wi_th drawl for each province at the rim station (in Kharif
season), i province, year t
11 WP Water pricing for j crop i province | and in year t).
12 €t Error term.

4.3 Data Collection

Table 1, depicts the dependent and independent variables for the study, the study has incorporated all of the
important factors that are responsible for determining the water use efficiency in cotton production in Punjab
and Sindh. Time period for the study is from 1976 to 2022 over the year. The water use efficiency variable
is obtained by using the formula of farm field water use efficiency in above given equation no (5). The other
variables data is obtained from the economic survey of Pakistan (2023); the climatic variable data is taken
from the meteorological department of Pakistan, and socio-economic variable data is collected from the
provincial development statistics (Sindh and Punjab), and agricultural data is taken from agricultural
statictics of Pakistan (2023), for over the period of 1976 to 2022. All of the variables are chosen after
literature review of the studies (Soylu, and Kizildeniz, 2024; Arslan, 2024; Dou, et al., 2024; André et al.,
2024; Shah et al., 2024; Karri and Nalluri, 2024; Zaim, et al., 2024; Wei, et al. 2020; Frederick, et al. 2019;
Cororaton, and Orden, 2008).

5. Empirical Results and Discussion

5.1 Unit Root Test

The PP test corrects the T-estimation of o coef fecient from the AR (I) regression. It robustly considers
any serial correlation and heteroskedasticity in the error term of pt. The critical values for the PP test are the
same as ADF values. (Gil-Alafa, and Robinson, 1997; Usman, et al., 2021), the following unit root test, the
Newy test has used the 3 user specified lags.

Table 2, presents the results of the unit root test conducted for the univariate time series analysis accordance
to the literature review (Ahmad, et al., 2023; Unakitan, and Tirkekul, 2014). The variables for water use
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efficiency (WUEC) in Punjab and Sindh are found stationary at both the level and integrated order. The
minimum temperature series (T1), canal water withdrawal (CW), and fertilizer consumption (F) are stationary
at order, in addition to their first difference or integrated order. Furthermore, land use, specifically the area
under the crop (A), and primary school enrollment (E) in Sindh are stationary at the level and integrated order.
On the other hand, population density (Pd), water prices (Wp), government expenditure on development (Ge),
and maximum mean temperature (T2) are stationary for two of the provinces. In addition, primary school
enrollment (E) and the area under the cotton crop in Punjab are stationary at integrated order. In summary,
some variables are stationary at order (level), while others are in their integrated order with drift and trend
(Maddala, and Wu, 1999). Therefore, the unit root test rejects the null hypothesis because the long-term
relationship among the factors of IWRM is stationary, as some variables are stationary at level and others
areon their integrated (first difference) order.

Table 2: Unit Root Test

Sindh Punjab
Var level First difference decision level First difference decision
WUEc | -5.19(0.00) -11.51(0.00) 1(0) -3.57(0.04) |-13.74(0.00) 1(0)
T1 -4.52(0.00) -26.74(0.00) 1(0) -4.41(0.01) |-20.36(0.00) 1(0)
T2 -3.13(0.11) |-20.78(0.00) I(1) -5.44(0.00) |-14.16(0.00) I(1)
E -6.74 (0.00) | -45.65(0.00) 1(0) -2.01(0.58) | -7.14(0.00) I(1)
A -4.80(0.00) -12.03(0.00) 1(0) -1.10(0.71) | -8.02(0.00) I(1)
Pd -1.05 (0.93) | -4.70(0.00) I(1) -1.40(0.85) | -2.24(0.054) I(1)
Wp -2.69 (0.24) | -6.30(0.00) I(1) -2.26(0.44) |-7.01(0.00) I(1)
Gel 0.30(1.00) -7.87 (0.00) I(1) -1.87(0.65) |-3.72(0.03) I(1)
F -3.44(0.06) -9.41(0.00) 1(0) -5.85(0.00) | -20.76(0.00) 1(0)
CW -4.78(0.00) -12.75(0.00) 1(0) -7.19(0.00) | -14.05(0.00) 1(0)
P -0.64(0.97) -16.45(0.00) I(1) -8.56(0.00) | -38.17(0.00) 1(0)
Note: The probability values are in parenthesis.
Table 3: Bound Test

Sindh Punjab

Test (Statistic) | Value K Test (Statistic) | Value K

F-statistic 7.004704 | 10 F-(statistic) 4,126017 | 10

Critical Values Bound

Significance 10 Bound | 11 Bound | Significance 10 Bound | 11 Bound

0.1 1.83 2.94 0.1 1.83 2.94

0.05 2.06 3.24 0.05 2.06 3.24

0.025 2.28 3.5 0.025 2.28 3.5

0.01 2.54 3.86 0.01 2.54 3.86

Table 3 presents the results of the bound test. The bound test is commonly employed in conjunction with
autoregressive distributed lag (ARDL) models, enabling the examination of short-run and long-run dynamics
between variables. According to the literature, the ARDL bound test is suitable for empirical analysis of water
use efficiency (Sarkodie et al., 2019; Pesaran et al., 2001). The computed f-statistic value for Sindh is 7.004,
exceeding both the lower and upper critical bounds. Similarly, for Punjab, the f-statistic value is 4.126,
surpassing the critical limits. Consequently, the bound test results suggest the rejection of the null hypothesis,
indicating the existence of a long-run relationship between the explanatory and dependent variables, namely,
water use efficiency of the cotton crop (Cook, et al., 2006; Bednarz, et al., 2002). The consistent estimates
obtained from the bound test validate the research questions of the study.
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Table 4: Long-run Cointegration Results

Punjab | Sindh

Long Run Coefficients
Variable Coefficient t-Statistic | Prob. | Coefficient t-Statistic | Prob.
C 0.1921 (0.248) | 0.776 0.447 | 0.3870(0.233) | 1.662 0.114
T1 -0.0161 (0.005) | -3.019** | 0.007 | 0.0014 (0.002) | 0.685 0.502
T2 0.0183 (0.009) | 2.029* 0.055 | -0.0016(0.005) | -2.319* 0.075
P -0.0026 (0.001) | -2.82* 0.01 | -0.0007((0.000) | -3.647** | 0.002
WP 0.0001 (0.001) | 0.256 0.8 -0.0014 (0.001) | -2.437* 0.025
PD 0.0022(0.000) | 2.521* 0.086 | 0.0002 (0.000) | 2.582* 0.068
GE1 0.000(0.000) -0.49 0.629 | 0.0000 (0.000) | 2.278* 0.035
F 0.0000 (0.000) | 1.068 0.298 | 0.0002 (0.000) | 2.455* 0.025
E 0.0001 (0.000) | 2.574* 0.072 | 0.000 (0.000) 2.299* 0.034
CWwW -0.0106 (0.006) | -4.715** | 0.001 | -0.0074 (0.002) | -3.235** | 0.005
A 0.0000 (0.000) | 0.369 0.716 | 0.0000 (0.000) | -0.739 0.469
CointEq(-1) | -0.5898 (0.179) | -3.301** | 0.003 | -0.99 (0.167) -5.922*** | 0

Note: St. Error are in parenthesis, Probability values are significant at 1*** % (0.01 highly significant), 5**
% (0.05 moderately significant), and 10* % (0.1 less significant). t-values are in parenthesis.

The above-given table, 4, depicts the results of long-run cointegration of dynamic autoregressive distributed
lag (ARDL) long-run cointegration model, (Mujtaba, et al., 2022). The environmental component consists
of climatic variables which show that the minimum temperature (T1, -0.0161), average rate precipitation (P,
-0.0026(Punjab), -0.0007(Sindh) in both the provinces® are illustrating a negative and significant relationship
with water use efficiency. Whereas in Sindh T2(maximum temperature coefficient value is significant though
negative (-0.0016), and water pricing (WP, -0.00014 (Sindh) is showing significantly negative trend in terms
of WUEc. Conversely, maximum temperature is showing positive and significant (T2, 0.0183) trend per acer
in Punjab.

In Pakistan, the cotton crop is mainly grown on the fertile lands of Punjab and Sindh around the catchment
area of the river Indus. In Punjab, the cotton crop is cultivated on the plane lands of Sargodha, Lahore,
Faisalabad, Multan, Bahawalpur, and khanpur. Compared to Punjab, in Sindh’s province, the crop grows
on the plane lands of Rohri, Sukkur, Badin, Nawab shah, Jacobabad, and Hyderabad (Moncaleano, et al.
2021; Anjum, and Zia, 2020; Bhatti, and Soomro, 1998). All these areas are located around the catchment
area of the river Indus and its major tributaries. In case of any natural calamity (unprecedented rainfall,
drought, and flood) damages occur and this leads to significant farm input losses. Population density (Pd
0.0022,Punjab), 0.0002 -Sindh)), is significantly increasing with with a population exceeding 200 million.
Due to given population pressure Pakistan's per capita water availability has substantially decreased over
the years, currently, it has reached 908 cubic meters in 2022 then to 5650 in 1951. A noticeable point is that
by end of 2006, the water table had already declined to 7 meters, due to extensive groundwater abstraction
and limited surface water, (Akram, 2013).

Moreover, the increasing population density per square km is showing a negative trend because as population
size increases per Anam it puts the pressure on natural resources downward. Government expenditure (Ge)
on infrastructural development in Sindh and Punjab, besides fertilizer consumption (F,0.0002 (Sindh),
Primary school enrollment (E), coefficients values exhibit positive and significant trend, indicating even a
marginal increase in these structural and socio-economic development variables can potentially increase the
water use efficiency in these two provinces of Pakistan. Notabley, government investment is a crucial and
contextual determinant of water governance as it encompasses government spending on improveming of
institutional capacity, technical knowledge, infrastructural development, and preparedness for risk reduction
and natural calamities, (Lu, et al., 2022; Mpanga, and Idowu, 2021). However, canal water with drawl (CW,

5 Sindh and Punjab
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-0.0106 (Punjab), -0.0074 (Sindh) exhibits a negative coeefecient in both provinces. The Cointeq value
(ECT) speed of adjustment from short run to long run is also significant and negative in two of the provinces,
(-0.5898 (Punjab), -0.99(Sindh)). The results of the long run cointegration panel regression indicate that
water is not being consumed effeciently at the farm gate . This issue requires immediate attention , particularly
in the face of current climatic stress. As mentioned by (Wajid, and Salita, 2023; Prakoso, 2022; Astuti, and
Khasanah, 2020; Sumedi, et al., 2021; Briliant, 2020).

5.2 Short-run ARDL Results Error Correction Model (ECM)
The error correction model (ECM) incorporates the short run results which reflects the impact of prior period's
deviation from long-term equilibrium on short-run dynamics. (Fang, and Yang, 2023; Ren, and Zhong. 2020).

Table 5: Error Correction Model (ECM)

Punjab Sindh

Variable Coefficient t-Statistic | Prob. | Coefficient t-Statistic | Prob.
D (WUEC (-1)) | -0.230(0.140) | -1.647 0.114

D(T1) -0.003(0.002) | -1.581 0.129 | -0.262(0.143) | -1.837* 0.083
D(T2) -0.002(0.002) | -0.975 0.341 | 0.001(0.002) | 0.667 0.513
D(T2(-1)) -0.008(0.002) | -3.779** | 0.001 [ 0.006(0.003) | 1.903* 0.073
D(P) -0.001(0.000) | -2.484* 0.022 | 0.008(0.003) | 2.243* 0.038
D(WP) -0.001(0.000) | -2.431* 0.024 | 0.000(0.000) | -2.283* 0.035
D(WP(-1)) -0.001(0.000) | -4.202*** | 0 0.000(0.001) | 0.255 0.801
D(PD) 0.000(0.000) | 0.543 0.593 | 0.001(0.001) | 1.359 0.191
D(GE1) -0.000(0.000) | -3.013** | 0.007 | -0.008(0.004) | -1.768* 0.094
D(F) 0.000(0.000) | 1.085 0.29 | 0.000(0.000) | 3.26** 0.004
D(F(-1)) 0.000(0.000) [ -2.475* 0.024
D(E) 0.000(0.000) | 1.489 0.151 | 0.000(0.000) | -6.201*** [0
D(CW) 0.003(0.001) | 1.976* 0.061 | 0.000(0.000) | 1.946* 0.068
D (CW (-1)) 0.005(0.001) | 3.561** 0.002 | -0.002(0.002) | -0.976 0.342
D(A) 0.000(0.000) | 0.349 0.731 | 0.000(0.000) [ -2.697* 0.015

Note: St. Errors values are in parenthesis. The significance level is at 10 %, (0.01) *, 5 % (0.005) **, and 1
% (0.000). the t values are in parentheses ***

The above-given table 5, shows that current year water use efficiency is negatively cointegrated with its lag
value in relation to Punjab (minimum temperature (T1), maximum temperature (T2, T2(-1), average rate of
precipitation (P), water prices (Wp), Wp (-1), in the short run. Conversely the minimum temperature (T1),
maximum temperature (T2), T2(-1), average rate of precipitation (P), are exhibiting positive and significant
trends in Sindh. Government expenditure (Ge), canal with drawl (CW), CW (-1) are significantly positive
with reference to Punjab. This implies that canal water withdrawal in the kharif season has significant
relationship with the dependent variable, in contrast to its lagged value. Fertilizer consumption (F) depicts
positive and significant trends in the context of Sindh. (Zahid, et al. 2019; Tirlapur, et al., 2017). Government
expenditure (Ge), on infrastructural development is positive and significant in the short run-in relation to
WUEC. Population density (Pd), Primary school enrollment (E), also exhibits a positive relationship with
WUECc in the short run. However, minimum temperature (T1), in Sindh, shows a converse but significant
relationship with WUECc. The remaining variables are depicting insignificant and t mixed trends concerning
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the province. These results support the notion that climate change poses a real threat in the short run due
to seasonal effects. (Vijayasarathy, and Ashok, 2015; Arumugam, et al. 2014; Maysami, and Koh, 2000).
In a nutshell, the short run or vector error correction results are exhibiting similar tends as like long run
cointegration results. The lag order is selected on the basis of Akaike (AIC) and Schwarz criteria

Table 6: Goodness of fit

Measures Coefficient value Punjab | Coefficient value Sindh
R-squared 0.92 0.97

Adj R-squared | 0.81 0.93

F-statistic 24.5 8.1

AIC -5.5 -4.9

BIC -4.4 -3.8

HQC 5.1 -4.5

DWS 2.6 1.97

The table 6, provides the results of the Rz metrics value for Sindh (0.97) and Punjab (0.92) is explaining the
outcomes of more than 90 %. It is followed by adjusted R? which is similar for both provinces concerning
cotton crop water use efficiency (0.93 (Sindh), (0.813(Punjab). Furthermore, the results are showing that
model has very low AIC, and SC values, which means that the model is best fitted. The f-statics is also
depicting that model is appropriate because the probability value of f-statistics is significant at 1%, low
Durbin-Watson statistics also falls in the critical range and demonstrates that there is no autocorrelation exists
among the variables because it is (2.6) for Punjab, and (1.97) for Sindh. In nutshell, overall model results are
well estimated and there is no auto correlation and Heteroskedasticity, the diagnostic test results of overall
model selection are given below in table 7 and 8.

Table 7: Diagnostic Serial Correlation Test

Punjab

Breusch-Godfrey Serial Correlation LM Test:
F-statistic 1.62 Prob. F(2,19) 0.22
Obs*R-squared | 6.54 Prob. Chi-Square (2) | 0.04
Sindh

F-statistic 0.51 Prob. F(2,16) 0.61
Obs*R-squared | 2.69 Prob. Chi-Square (2) | 0.26

Table 8: Heteroskedasticity Test

Punjab

Heteroskedasticity Test: Breusch-Pagan-Godfrey

F-statistic 15 Prob. F(27,17) 0.19
Obs*R-squared 31.7 Prob. Chi-Square (27) | 0.24
Scaled explained SS | 4.0 Prob. Chi-Square (27) | 1
Sindh

F-statistic 1.11 Prob. F(26,18) 0.42
Obs*R-squared 27.71 Prob. Chi-Square (26) | 0.37
Scaled explained SS | 9.03 Prob. Chi-Square (26) | 1.00

6. Conclusion

The results of empirical analysis of Autoregressive distributed lag (ARDL) model, long term cointegration
findings disclosed that that population density per square km is truly getting momentum. This pressure is
degrading the ecology and ecosystem of the provinces in Pakistan (especially Sindh and Punjab), particularly
in relation to long-term economic stability in the country water resources management. Therefore, in given
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situation textile sector is on high risk due to uncertainty of climate change and its subsequent effect on cotton
water farm use efficiency, there is a significant gap exist between policy and practice in the country. Even
though the planned government expenditure is significantly aligned with the agriculture growth in the
country. However, it is essential that without any further delay the development objectives of agriculture need
to prioritize as per socioeconomic changes. By doing this government can achieve sustainable agricultural
growth in the short run and in the long run in relation to improving cotton crop productivity in the provinces.
Moreover, smart water use management practices demand technical knowledge and well-equipped human
resources because the agriculture and irrigation farm use practices are highly sensitive to human technical
knowledge.

In the end the study proposed that, more and advance research is required to investigate the link between
population density and environmental degradation assessing the textile sector's climate change vulnerability.
Since the integration of integrated water resource management education is also essential at grass root level
forto develop long-term sustainable water management strategies. Therefore, smart farm water management
practices and policies need to be adapted, for the implementation of these more investment is needed on
technology and innovation. Therefore, more investment on small dams, nature-based solutions and watershed
development in rural areas is needed by developing long term sustainable water management strategies.
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