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1. Introduction 

Irrigated agriculture in the US criticaIJy depends on ground water resources. 
About two-thirds of the total irrigated cropland in the US utilizes ground water as 
the sole source of water. In the US, approximately 5.7 milIion ha of cropland are 
irrigated in areas where ground water aquifers are declining. Of these 5.7 million 
ha, Texas accounts for about 1.6 million (National Research Council, 1996). The 
majority of this cropland in Texas is located in the Texas High Plains (THP), where 
the main source of water for irrigation is the Ogallala Aquifer (Fig. I). The 
saturated thiclrness of the Ogallala Aquifer, composed of unconsolidated remnant 
of deposits of gravel, sand, and silt eroded from the ancestral Rockies saturated 
with water and represents the interval between the water table of the aquifer and 
the base of the aquifer, ranges from 0 to 90 m. In many areas of the Ogallala 
Aquifer, and mainly in the southern areas, which includes the THP, the saturated 
thickness has been significantly reduced as a result of continued overdraft (Texas 
Water Commission, 1989). 

The dramatic expansion of irrigated agriculture in the THP after World War II 
has led to the significant depletion of the pre-irrigation-development water re
sources available in the southern portion of the OgaIJala Aquifer. As withdrawal 
rates exceed recharge rates, the decline of the water table is expected to continue 
over time. Sources of recharge in the THP portion of the OgaIJala Aquifer are 
limited. It is estimated that the aquifer receives as recharge an average of 0.5 em of 
water per year from precipitation. However, artificial recharge and irrigation return 
water has caused water table levels to rise in some areas (Texas Water Commission, 
1989). It is estimated that in the THP area the weighted average water table 
declined from pre-irrigation-development to 1980 by about 3 m, and from 1980 to 
1994 by about 0.45 m (Dugan and Sharp, 1994). Continued water withdrawal from 
the aquifer at current rates wiIJ cause the eventual depletion of this finite resource. 

The current state of ground water utilization in the THP area is a reflection of 
the combined result of current economic, social and political factors. The main 

Fig. I. Location of the Texas Plains and Hale County. 
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reason why ground water resources in the TI-IP are being used at a rate higher than 
the natural rate of recharge, is because the revenues stemming from their current 
use is higher than the associated cost of extraction. However, ground water use in 
the TI-IP, given the critical dependence of the regional economy on this resource, is 
an inter-generation issue that must be evaluated in terms of tbe sustainability of 
agricultural activities in the long run. For this reason, given the current state of 
economic, social and political factors, the sustain ability of this resource needs to be 
belter understood, given current and expected tecbnological advances in agricul
tural production. In particular, advanced irrigation system technology can increase 
the efficiency of water utilization, and tbus decrease the amount of water resources 
needed to produce a crop. 

Anotber crop production technology tbat could have significant impacts on the 
sustain ability of agricultural activities in the TI-IP in tbe long run is biotechnologi
cal advances. Tbis emerging field could have significant impacts on the ability to 
extend the economic life of the Ogallala Aquifer in the TI-IP. The development of 
crop varieties with high tolerance to water stress can increase crop productivity and 
reduce the amount of water requirements for crop production. Recent studies have 
emphasized the problem of common property and temporal allocation of water 
resources. Renshaw (1963), Burt (1964), Feinerman and Knapp (1985), 
Nieswiadomy (1985) discussed the problem of tbe common property nature and the 
misallocation of ground water resources. Feng and Segarra (1992) examined the 
depletion effect of the Ogallala Aquifer on irrigated cropland in the TI-IP. Caswell 
and Zilberman (1985), Feng (1992), Shah et al. (1995), Qudab (1996) highlighted 
the effect of the adoption of new technologies on water depletion and agricultural 
farming systems sustainability. 

The objective of this study is to determine the impact of new crop production 
technologies on the sustainability of agricultural activities in the TI-IP. The specific 
objectives are (I) to determine the optimal adoption rates of advanced irrigation 
technologies in crop production, (2) to determine the impacts of anticipated 
biotechnological developments on crop production and water use, and (3) to 
evaluate the trade-off between tbe adoption of advanced irrigation technologies and 
anticipated biotechnological advances on the sustain ability of agricultural activities 
in the TI-IP. I-Iale County was used as a representative area witbin the TI-IP (Fig. 
I). 

2. Methods and procedures 

A recently updated dynamic optimization model used by Terrell (1998) to 
estimate optimal cropping patterns of 19 counties in tbe TI-IP was modified and 
used in this study. In order to examine the effects due to tbe adoption of new 
production technologies on the ground water stock under the assumptions of profit 
maximization, differences in saturated thickness depletion and net present value of 
returns from alternative models were evaluated. These model scenarios are ex
plained in detail below. The data used in the optimization models were ohtained 
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from Feng (1992), Middleton (1996), Terrell (1998) studies. Also, various years of 
the Texas Agricultural Statistics (Texas Agricultural Statistics, 2001) were used to 
update Hale County's cropland allocation and prices. The crop enterprises included 
in the models were irrigated and dryland cotton, irrigated and dryland grain 
sorghum, irrigated and dryland wheat, and irrigated corn. 

The ohjective function used in the optimization models was that of maximizing 
the net present value of returns to land, risk, management, and the ground water 
stock in Hale County on a per ha basis. Net returns were calculated as total gross 
returns minus total cost of production, where the latter consisted of variable and 
fixed costs. The variable costs of production included the cost of pumping ground 
water, investment and maintenance costs associated with the establishment and 
up-keep of irrigation systems. Three irrigation technologies were used in the 
models, conventional furrow irrigation; Low Energy Precision Application (LEPA) 
irrigation; and dryland. The LEPA irrigation concept was developed in the mid to 
late 1970s, and was designed to maximize the nse of declining ground water 
supplies and sporadic seasonal rainfall characteristic of the THP (Lyle and Bar
dovsky, 1981, 1982). In approaching the problem of ground water conservation, the 
concept of social discount rate was used to discount future benefits. There are many 
difficulties associated with the selection of appropriate discount rates, however, in 
this study a single discount rate of 2% was used to solve all the models formulated. 

The objective function of the optimization models took the following general 
form: 

m z v w 

NPVR = I I I I @ij.,{P"Yijk,[WAijk,(WPijk,)]- Cijk,(WPijk'.x"S,)} 
i= Ij= lk= 11",,0 

(I + r)' (I) 

where NPVR represents the net present value of returns to land, risk, management, 
and ground water stock on a per ha basis for Hale County; m represents the crop 
enterprises; z represents the irrigation technologies used (conventional, LEPA, and 
dryland); v represents the crop related biotechnology used; w represents the length 
of the planting horizon (assumed to be 25 years); @ijk, represents the percentage of 
land area of crop i irrigated with irrigation technology j, and using anticipated crop 
related biotechnology advancement k in time 1; P;t represents the price of the crop 
i in time 1; Yijk, represents the yield of crop i per ha, using irrigation teclmology j 
and anticipated biotechnology k in time 1; WAijk, and WPijk, represent the amount 
of ground water applied and pumped per ha, respectively; Cij" represents the total 
cost per ha associated with the production of crop i, using irrigation technology j, 
and biotechnology Ie in time 1; X, represents the pumping lift in time I; S, is the 
saturated thickness of the ground water stock in time I, and r represents the 
discount rate. The initial levels of saturated thickness and pumping lift used in all 
models were 32 and 52 m, respectively. At each time period, S, is updated by the 
recursive equation: 

= S _ [(I -a)W, -RJ 
Sr+l 1 As (2) 
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Table 1 
Actual and projected (under biotechnology adoption) crop yields, and initial cropland allocation in 
Hale Countyll 

Crop 

Irrigated cotton 
DryJand cotton 
Irrigated sorghum 
Dryland sorghum 
Irrigated wheat 
Dryland wheat 
Irrigated corn 

II Source Middleton, 1996. 

Crop yields (kg/ha) 

Actual 

666 
384 
691 

3132 
3277 
1601 

10342 

Projected 

743 
417 

7065 
3465 
3716 
IS52 

II 361 

Initial cropland 
allocation (% of cropland) 

55.33 
0.00 
9.43 
0.00 
4.00 

13.23 
IS.OO 

where S, represents the saturated thickness in time t, and S,+ I represents the 
saturated thickness in time t + I; a represents a fraction of the applied ground water 
returning to the aquifer; HI, represents the total m/ha of ground water withdrawn 
in time t; R represents the average net recharge in m/ha from all sources except 
applied ground water return flow; A represents the area of the aquifer; and s 
represents the storage coefficient, which is assumed to be 15% for Hale County. The 
stock of ground water in the aquifer at each time period was updated by the 
following equation of motion: 

_ [(l-a)H~-RJ 
Xt+1-Xt + 

As 
(3) 

where all the variables are defined as before. 
It is important to point out that two cropland related constraints were included 

in the optimization models. The first, was a constraint on the transition of cropland 
among irrigation technologies. This constraint was present in the model to prevent 
instantaneous switches between irrigation technologies. The maximum level of 
cropland assumed to transit among irrigation technologies was set at 5% per year 
(Funck, 1998). The initial cropland allocation among irrigation technologies was, 
conventional 26.3; LEPA 37.8; and dryland 35.9%. The second cropland related 
constraint included in the models was a crop adjustment constraint. Specifically, 
this constraint was formulated so that no more than a given maximum amount of 
cropland could be shifted among crops per year. That is, it might he profitable to 
rapidly switch from one crop to another given the expected teclmological advances 
to take place, but just like in the earlier case with respect to the transition of 
cropland among irrigation technologies, switches among crops would not be 
expected to be instantaneous. The initial cropland allocation across crops is 
depicted in Table I. It was felt that a maximum of 15% per year shift in cropland 
among crops would appropriately reflect reality (Funck, 1998). 
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Overall, four variants of the model were solved using the Generalized Algebraic 
Modeling System (Brooke et aI., 1998). In addition, a BASELINE was simulated 
assuming current production technologies remain in place in Hale County. The four 
models solved addressed, (I) biotechnology adoption only (scenario A); (2) sophis
ticated irrigation system technology adoption only (scenario B); (3) joint adoption 
of biotechnology and sophisticated irrigation system technology (scenario C); and 
(4) joint adoption of biotechnology and sophisticated irrigation system technology 
constrained at the NPVR of scenario B (scenario D). Scenario D was formulated as 
a minimization problem to find the minimum level of ground water required to 
achieve the specified NPVR level. 

The methods and procedures used to derive crop yield expectations from 
biotechnological advances are outlined by Middleton, (1996), and were introduced 
in terms of expected THP's long-term yield increases. The expected percentage crop 
yield increases in the biotechnology adoption scenarios are for irrigated and 
dryland cotton, 11.55 and 8.64%, respectively; for irrigated and dryland grain 
sorghum, 10.56 and 10.62%, respectively; for irrigated and dryland wheat, 13.39 
and 15.67%, respectively; and for irrigated corn, 9.85% (see Table I). 

3. Results and discussion 

The BASELINE simulation indicates a NPVR of $5,406.26 per ha and an 
associated level of accumulated ground water use of 7.93 m/ha over the 25 year 
planning horizon. The annuity equivalent (AE) of the NPVR associated with the 
BASELINE solution for a 25 year planning horizon with a 2% discount rate is 
$276.91 per year per ha. The results from scenarios Band C, when compared with 
those of the BASELINE simulation indicate that it is optimal to significantly 
decrease conventional furrow irrigated cropland, moderately increase LEPA irri
gated cropland, and significantly increase dryland cropland for details on the 
optimal cropping pattern allocations and other particulars of the results see 
Arabiyat, 1998. The optimal levels ofNPVR and ground water use for scenarios A, 
B, and C are; scenario A, NPVR $7,142.00 per ha (or an AE of $365.82 per year 
per hal and water use of 7.93 m/ha; scenario B, NPVR $7,294.77 per ha (or an AE 
of $373.64 per year per hal and water use of 5.44 m/ha; and scenario C, NPVR 
$8952.41 per ha (or an AE of $458.54 per year per hal and water use of 5.44 m/ha. 
As indicated by these values, sophisticated irrigation system technology adoption 
has a larger marginal impact on NPVR than biotechnology adoption. Also, note 
that biotechnology adoption does not have a direct impact on ground water use, 
but sophisticated irrigation system technology adoption has a significant impact on 
water use, a reduction of 31.37% from the BASELINE's level. The former result is 
due to the internalization of the impacts of biotechnology in terms of higher crop 
yields. It is important to point out, however, that the solutions associated with 
scenarios A, B, and C are not sustainable over time. That is, the saturated thickness 
of the aquifer in Hale County would continually decrease over time under scenarios 
A, B, and C. For this reason, in approaching the potential contributions of 
biotechnology to ground water conservation efTorts, scenario D was formulated. 
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Specifically, in scenario D, the model used in scenario C (joint adoption of 
production technologies) is constrained at scenario B's level ofNPVR ($7294.77 per 
hal. Scenario D is designed to find the minimum level of ground water required to 
achieve scenario B's level of NPVR. Thus, this scenario implicitly assumes that the 
benefits from biotechnology adoption are transformed into ground water savings. 
That is, if the level of ground water conservation desired exceeds the level that 
could be achieved solely from adopting sophisticated irrigation systems, the optimal 
course of action would be to adopt sophisticated irrigation system technology and 
then, transfer the benefits of biotechnology adoption into additional ground water 
savings. As expected, under scenario D irrigated cropland under LEPA irrigation 
increases, irrigated cropland under conventional furrow irrigation is eliminated, and 
dryland cropland significantly increases to minimize ground water utilization. 

The accumulated level of ground water use under scenario D is 3.66 mlha, a 
reduction of 4.27 mlha or a 53.84% decrease from the BASELINE's level. Decom
posing this reduction, 1.78 and 2.49 mlha can be attributed to the adoption of 
biotechnology and sophisticated irrigation system technology, respectively. Of 
course, the associated level of NPVR under scenario D is lower than the one for 
scenario C and has a value of $7294.77 per ha, which is $1657.64 per ha (equivalent 
to an AE of $84.90 per year per hal or 18.51% lower than scenario C's level. 
However, it is important to point out that scenario D is sustainable over time. In 
fact, under scenario D the saturated thickness of the aquifer stabilizes (i.e. no 
further decrease in saturated thickness is experienced), and a slight increase in 
saturated thickness from the lowest point in this scenario (approximately 2.4%) is 
experienced in year 25 of the planning horizon. That is, water withdrawals toward 
the end of the planning horizon are equivalent to the level of water recharge of the 
aquifer. The results from the BASELINE simulation and scenarios A-D are 
graphically depicted in Fig. 2. In Fig. 3, the projected levels of saturated thickness 
of the aquifer in Hale County associated with the BASELINE simulation and 
scenarios A-D are also depicted. 

4. Conclusion 

Given the current conditions in the THP, the availability of sophisticated 
irrigation system technologies, and the expected impacts of biotechnology in crop 
production; it is optimal to adopt currently available sophisticated irrigation system 
technologies and, as soon as they become available, biotechnological advances. In 
the case of Hale County, joint adoption of these technologies increases NPVR from 
$5406.26 to 8952.41 per ha (equivalent to an increase of AE from $276.91 to 458.54 
per year per ha, a 65.59% increase), and reduces accumulated ground water use 
from 7.93 to 5.44 mlha (a 31.37% reduction) over the 25 year planning horizon. 
Also, if it is desired to maximize ground water savings from the joint adoption of 
these teclmologies, a trade-off of $1657.64 NPVR per ha (equivalent to an AE of 
$84.90 per year per ha, 18.51%) for an additional reduction of 22.46% in ground 
water use from the BASELINE's level, would be expected. This latter solution was 
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Net Present Value 
of Returns 
($lHeclare) 

8,952.41 

7,?94.n 

7,142.00 

5,406.2& 

3.66 

Joint Adoption of 
Blotechnologyand 
Irrigation Technology 

Irrigation Technology 
dopUon Only 

Biotechnology 
:..:::.:::::;=~f'--- Adoption Only 

!:::==_-..;---- BASEUNE 

5.44 7.93 Ground Waler Use 
(Meters/Hectare) 

Fig. 2. Net Present Value of Returns and Ground Water Use Levels associated with the BASELINE and 
scenarios A-D. 

found to be sustainable over time and would eliminate tbe overdraft of the aquifer 
in Hale County. 

It is important to point out, that the models formulated in this study do not take 
into account the secondary economic effects associated with water utilization in 
Hale County. That is, if water from the aquifer was to be used at levels, which are 

32~~-------------,-__ ~~~~~~ 
- - - Baseline & Scenario A 
- - Scenarios B & C 
--Scenario 0 

Year 

Fig. 3. Projected saturated thickness of the Aquifer in Hale County associated with the BASELINE and 
scenarios A-D. 
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not sustainable over time, economic activity in the area would be severely impaired 
in the future. However, if water from the aquifer is utilized in a manner, which is 
sustainable over time and technological advances are purposely devoted to conserve 
water, then the likelihood of continued economic activity from agriculture would be 
assured in the future. This is the main reason why the relevance of the trade-off 
pointed out ahove is significant, since it provides both society and agricultural 
producers with an estimate of the level of the cost or trade-off involved in terms of 
the revenue that would have to be given up by agricultural producers in order to 
achieve ground water sustainability in the future. That is, everyone directly and/or 
indirectly affected by ground water conservation efforts should be aware of the 
trade-off involved, so that appropriate compensation and/or policies aimed at 
improving ground water conservation efforts can be properly designed and 
implemented. 
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