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Abstract

:

The Colorado River provides water to 40 million people in the U.S. Southwest, with river basin spanning 250,000 square miles (647,497 km2). Quantitative water rights assigned to U.S. states, Mexico, and tribes in the Colorado Basin exceed annual streamflows. Climate change is expected to limit streamflows further. To balance water demands with supplies, unprecedented water-use cutbacks have been proposed, primarily for agriculture, which consumes more than 60% of the Basin’s water. This study develops county-level, Basin-wide measures of agricultural economic water productivity, water footprints, and irrigation cash rent premiums, to inform conservation programs and compensation schemes. These measures identify areas where conservation costs in terms of foregone crop production or farm income are high or low. Crop sales averaged USD 814 per acre foot (AF) (USD 0.66/m3) of water consumed in the Lower Basin and 131 USD/AF (USD 0.11/m3) in the Upper Basin. Crop sales minus crop-specific input costs averaged 485 USD/AF (USD 0.39/m3) in the Lower Basin and 93 USD/AF (USD 0.08 per m3) in the Upper Basin. The blue water footprint (BWF) was 1.2 AF/USD 1K (1480 m3/USD1K) of water per thousand dollars of crop sales in the Lower Basin and 7.6 AF/USD 1K (9374 m3/USD1K) in the Upper Basin. Counties with higher water consumption per acre have a lower BWF.
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1. Introduction


The Colorado River Basin spans seven states in the United States, two states in Mexico, and the lands of 30 federally recognized tribes. The Colorado River provides water for the environment, agriculture, industry, and an estimated 40 million people in the Southwestern United States [1]. In the 250,000-square-mile (647,497 km2) Colorado River Basin, U.S. states, Mexico, and tribes have been assigned the right to use a volume of water that exceeds the volume of water that exists in the system. The Colorado River Compact of 1922 and the 1944 Water Treaty with Mexico allocated 7.5 million acre feet (maf) (9.25 km3) to Upper Basin States (Colorado, New Mexico, Utah, and Wyoming), 7.5 maf (9.25 km3) to Lower Basin States (Arizona, California, and Nevada), and 1.5 maf (1.85 km3) to Mexico, giving a total of 16.5 maf (20.35 km3) [2,3]. The 1922 Colorado River Compact [2] was negotiated during a time when river flows were high compared with reconstructed records [4,5]. Since 2000, river flows have averaged 12.3 maf/year (15.2 km3/year) [6,7]. Storage at the region’s two largest reservoirs, Lakes Powell and Mead (as well as other regional reservoirs) have dropped significantly [1,8]. Climate change is expected to further limit streamflows due to changes in basin-wide precipitation, snowpack, and temperatures [9,10,11,12]. Additionally, with increases in temperature, water demand for agricultural production, as well as electricity production, is expected to increase [9], placing further stress on the river’s supply.



To balance water demands with supplies, unprecedented water-use cutbacks have been proposed and implemented. In 2007, Basin States adopted the Interim Guidelines [8] to avoid water cutbacks, through the creation of “Intentionally Created Surplus” water. Through this agreement, water is made available as surplus to be stored in Lake Mead, in order to maintain reservoir levels above elevations that trigger water cutbacks. In 2014, the US Bureau of Reclamation (USBR) and Basin States agreed to initiate pilot programs to compensate water users for reducing consumptive water use, with saved water to be stored in Lakes Powell and Mead [13]. Contracting parties were overwhelmingly agricultural entities, with conservation achieved primarily through fallowing and deficit irrigation, and, to a lesser extent, improved irrigation efficiency. From 2015 to 2018, the Upper Basin Pilot Program implemented projects to conserve 47,280 acre-feet (58,318,934 m3) of water, while from 2015 to 2019, the Lower Basin Pilot Program initiated projects estimated to conserve 175,347 acre-feet (216,287,018 m3) of Colorado River water in Lake Mead by 2035 [13].



As drought has persisted, however, and demand continues to draw down reservoir levels, the 2019 Drought Contingency Plans (DCP) [14] were signed by the seven Basin States and the Bureau of Reclamation, setting out guidelines for spreading predicted shortfalls across users in the Basin and curtailing use to reduce the likelihood of further cutbacks. Since the DCP took effect, Tier Zero-, One-, and Two-level cutbacks have been declared, resulting in water supply cuts to Arizona and Nevada. The likelihood of further shortage has prompted consideration of additional measures to significantly reduce water use across the Basin prior to the 2026 expiration of the Interim Guidelines [15].



In 2022, Congress enacted the Inflation Reduction Act (IRA) (P.L. 117-169), which authorized funding for drought mitigation in western states, giving priority to areas served by the Colorado River [15]. Funds were authorized from 2023 to 2026 for, among other measures, compensation payments for entities voluntarily reducing water diversions or consumptive use. Agreements could be for a single year or multiple years. Saved water would be stored in Lakes Mead or Powell. Payment rates were 330 USD/AF (USD 0.27/m3) for one-year agreements, 365 USD/AF (USD 0.30/m3) for two-year agreements and 400 USD/AF (USD 0.32/m3) for three-year agreements. In 2023, the Bureau of Reclamation, administering the program, announced it would also consider higher “contractor proposed” payment rates, given supporting conservation and cost justifications. In addition, the Upper Basin revived its pilot program, setting a base payment rate of 150 USD/AF (USD 0.12/m3) of water conserved [16].



In May 2023, the Lower Basin States (Arizona, California, and Nevada) submitted a plan to the US Bureau of Reclamation (USBR) to conserve a total of 1.5 maf (1.85 km3) of Colorado River water by the end of 2024, with a cumulative total of 3 maf (3.70 km3) by the end of 2026 [17]. While 2.3 maf (2.84km3) of conservation was to be voluntary, with compensation coming from IRA funds, the remaining 0.7 maf (0.86 km3) would either be uncompensated or compensated by state or local entities. USBR has tentatively accepted this plan as their preferred management alternative for the Basin [1].



To balance Basin supply and demand, policy analyses suggest agriculture will significantly reduce its consumptive water use [8,18,19,20,21,22]. Agricultural water conservation and reallocation has become a policy focus for a number of reasons. First, agriculture accounts for more than 60% of consumptive water use in the Upper and Lower Basins [18,23] and 80% of total water withdrawals across the entirety of the Basin States [24]. So, compared to other sectors, smaller percentage reductions in agricultural use could allow much larger percentage increases in other uses [25,26], and could account for a larger absolute amount of regional conservation. Second, marginal values of water use in agriculture tend to be smaller than values in other sectors [27,28,29]. Third, while estimated costs of agricultural conservation range from 150 to 750 USD/AF/year (USD 0.12–USD 0.61/m3/year) [18], costs for other options are considerably larger. These include importation from other regions (700–3499 USD/AF/year) (0.57–2.84 USD/m3/year), desalination (750–2100 USD/AF/year) (0.61–1.70 USD/m3/year), and municipal-, industrial-, and gray-water reuse (1500–4200 USD/AF/year) (1.22–3.41 USD/m3/year) [18]. Fourth, while agricultural conservation could be feasibly implemented in the near term, other infrastructure options may not be feasible for 15 to 30 years [18].



This study develops agricultural water productivity measures for counties in Upper and Lower Colorado River Basin States, to inform policy decisions. These productivity measures include economic water productivity (on both a gross-value and net-value basis), blue water footprints of crop production, and rental rate premiums for irrigated cropland. The reported measures rely on county-level agricultural water consumptive use data from a national survey, matched to corresponding county-level economic data. We assess the variation in water productivity metrics across the Colorado River Basin, how well they are correlated with each other, and how well they are correlated with water use intensity (water consumed per unit of irrigated land area).



Results provide estimates of the opportunity cost of reallocating water away from agriculture in terms of reductions in the value of regional crop production and farm income. The current policy emphasis for water conservation in the Colorado Basin emphasizes compensated, voluntary reductions in agricultural consumptive water use. Results identify areas where current compensation payment rates are more or less likely to be attractive to crop producers. They also serve to develop estimates of total payments needed to conserve different quantities of water.




2. Materials and Methods


2.1. The Colorado Basin Study Area


The study area includes counties in seven Colorado Basin States (Figure 1). Water productivity measures for this study are reported as county-level averages. Five counties from Wyoming were included in this analysis. Sublette and Sweetwater counties lie predominantly within the Colorado River Basin, while Lincoln and Uintah counties have irrigated land within the Bear River Basin, as well as the Colorado River Basin [30]. While Carbon County lies predominantly outside of the Colorado River Basin, it does contain irrigated acres within it. Past economic assessments of water cutbacks in the Wyoming portion of the Colorado River Basin have included Carbon County [31].



We included 18 Colorado counties: Archuleta, Delta, Eagle, Garfield, Grand, Gunnison, Hinsdale, La Plata, Mesa, Moffat, Montezuma, Montrose, Ouray, Pitkin, Rio Blanco, Routt, San Miguel, and Summit. Saguache County was not included, as more than 90% of its irrigated acreage has been estimated to be in the Rio Grande Basin [30]. Dolores County was excluded because acreage there is dominated by dryland farming, which historically has accounted for more than 75% of cropland acres [32]. Data were not available to distinguish between irrigated and non-irrigated output. San Juan County was also excluded, because neither the US Department of Agriculture (USDA) nor the US Geological Survey (USGS) report data on irrigated acreage or water use for that county.



For New Mexico, San Juan County, which lies in the Upper Basin, was included, as were Catron, Grant, Hidalgo, and McKinley counties, lying solely or predominantly in the Lower Basin. Cibola County was excluded, as its acres lie predominantly outside the Basin. Following [30], all counties in Arizona were included in the Basin-wide analysis, as were Clark, Lincoln, and White Pine counties in Nevada, Imperial and Riverside counties in California and Carbon, Daggett, Duchesne, Emery, Garfield, Grand, Kane, San Juan, Uintah, Washington, and Wayne counties in Utah.




2.2. Water Productivity and Footprint Measures


2.2.1. Economic Water Productivity: Gross Return Basis (EWPg)


Water productivity measures outputs generated per unit of water used. Productivity can be measured in terms of physical output (e.g., kg of crop produced) per unit of water consumed. Economic water productivity, in contrast, measures outputs in terms of a common monetary unit. This is often revenue generated (output times price). Economic water productivity allows one to compare crop outputs using a common value (as opposed to comparing MT or kg for multiple different crops). It also approximates gross economic benefits per unit of water consumed.



Economic water productivity (EWPg) of Colorado River Basin counties is computed using the dollar value of crop marketings (gross returns, denoted by the ‘g’ subscript) in 2015 in each county, divided by the consumptive use of water for irrigation in each county


EWPg = CM/W



(1)




where CM = county crop marketings in USD and W = county consumptive use of water for irrigation in acre-feet.



County-level data for crop revenues for 2015 were obtained from the US Department of Commerce, Bureau of Economic Analysis Regional Economic Accounts, which reports these data annually [33]. The year 2015 is used because the USGS reports data for consumptive use of water for irrigation from its 2015 national survey [24]. The USGS reports on county-level water withdrawals every five years. Reports of consumptive use were discontinued after the 1995 survey, but were resumed for the 2015 survey. The most recent USGS survey data available are from 2015 [34].



The USGS [24] defines the consumptive use of irrigation water as “the fraction of water that was originally withdrawn from a source for irrigation and is subsequently removed from availability owing to evaporation, transpiration, or incorporation into crops (p. 30)”. For most states, USGS relies on various sources to base consumptive-use estimates on coefficients, irrigation-system efficiencies, or theoretical crop requirements. Additionally, the USGS National Water Use Science Project (NWUSP) developed evapotranspiration estimates based on 1 km-scale MODIS satellite data which, in turn, are analyzed through the Operational Simplified Surface Energy Balance (SSEBop) model [35], to interpret consumptive-water-use estimates on irrigated lands. Consumptive-use estimates in California, Colorado, and Wyoming were based primarily on SSEBop model data.



For a few counties with very small irrigated acreage, computed EWPg measures were implausibly large. Inspection of data for these anomalous counties suggests this is because the USGS data undercount water use (the denominator in the EWPg equation). For these counties, estimates of irrigated acreage were an order of magnitude lower than reported irrigated acreage from other sources such as the USDA National Agricultural Statistical Service (NASS), NASS field offices in Basin States, or state offices of the engineer. In one other case, Catron County, New Mexico, estimated water consumption per acre was double that of all surrounding counties with similar crop mixes. These anomalous counties were excluded from our reported EWPg calculations. Their exclusion has few implications for Basin-wide water use or productivity as combined they accounted for less than 0.16% of Basin irrigation consumptive use and less than 0.3% of crop sales.



The BEA data used for the EWPg numerator are crop cash receipts. Cash receipts, however, exclude the cash value of feed crops used directly on farm and which are not marketed. In locations where such non-marketed production is significant, failure to account for this could also understate EWPg significantly. State-level data from USDA for the total value of hay produced (including hay consumed directly, and not sold) suggest non-marketed values are significant in Basin States. If one compares state-level USDA data with state-level BEA data for cash receipts, the total value of hay production exceeds the value of hay cash receipts by 24% in California, 66% in Nevada, roughly 80% in Utah and Wyoming, and roughly 90% in Arizona, Colorado, and New Mexico.



One can adjust EWPg upward to account for this additional value of non-marketed hay, which we denote as EWPh. EWPh is calculated by applying a percentage upward adjustment to EWPg equal to the percent-value by which total hay production exceeds hay sales, multiplied by hay sales as a percentage of total crop sales. The upward adjustment in EWPg will be larger in counties where non-marketed hay sales are a larger share of hay production and where hay production is a larger share of total crop sales. Unfortunately, county-level data on non-marketed hay sales are not available. To calculate EWPh at the county level, we assumed county-level shares of non-marketed production equaled the statewide average. County-level estimates of hay sales as a share of total crop sales (the other part of the adjustment factor) were obtained from county-level data from the 2012 and 2017 Censuses of Agriculture. Average values across the two years were applied to develop county-level measures of EWPh.




2.2.2. Economic Water Productivity: Net Return Basis (EWPn)


Some have argued that EWP based on net economic returns is a preferable metric to EWP based on gross returns [36]. Measuring effects on net returns is also more in keeping with principles of cost–benefit analysis required of U.S. federal water projects. Costs of production data needed for such calculations, however, are often unavailable, so that applied analyses rely on an EWP based on gross returns [36]. While data are not available to net out all production costs from our county-level data, it is possible to deduct some costs.



The BEA farm income-and-expense data series report costs for three types of inputs: those that are specific to crop production (seed, fertilizers, and agricultural chemicals), those specific to livestock production (animal feed, and replacement animals), and those that may be applied to either crops or livestock (labor, energy, and other services).



This study constructed an economic water productivity measure, EWPn, measuring net returns per acre of water consumed as


EWPn = (CM − S − F − AgC − L)/W



(2)




where CM = county crop marketings in U.S. dollars (USD), S = cost of seed in USD, F = cost of fertilizers in USD, AgC = cost of agricultural chemicals in USD, L = cost of crop-specific labor USD, and W = county consumptive use of water used for irrigation in acre-feet.



Data for costs of seed, fertilizers and agricultural chemicals all come from [33]. BEA data do not report crop-specific labor costs. However, the US Department of Labor’s Quarterly Census of Employment and Wages (QCEW) report county-level wage payments for workers engaged in crop production and in support activities for crop production [37]. This latter category includes workers employed by farm-labor contractors, as well as workers providing crop-specific custom services.



The QCEW reports wages for industries that are covered by state unemployment insurance (UI). However, those working on farms or for farm-labor contractors are not covered by state UI programs in many states. While farm employees have mandatory UI coverage or almost complete voluntary coverage in Arizona and California, this is not the case in the other Basin States [38]. Agricultural labor costs (L) are likely undercounted and EWPn overcounted in many counties in the other Basin States.



The numerator of EWPn nets out costs of inputs that are solely crop-specific. Yet it does not net out fuel, machinery, and capital costs that are associated with crop production. As such, EWPn overstates somewhat the net returns per unit of water consumed.




2.2.3. Blue Water Footprint (BWF)


A blue water footprint (BWF) is “the volume of surface and ground water consumed (evaporated) as a result of the production of a good” (p.1578) [39]. The BWF refers to water consumed via purposeful irrigation. This is distinct from the green water footprint, which refers to rainwater consumed by crops. For individual crops, BWF can be measured on a per-year, per-metric ton or per-kilocalorie (energy) basis [40,41]. At a more aggregate, sectoral level of analysis, the output measure is often expressed in terms of monetary units, such as the gross value of output [41,42], or value added [43].



The sectoral blue water footprint (BWF) of crop production in each county can be expressed as the simple reciprocal of the economic water productivity measure EWPg.


BWF = 1/EWPg = W/CM



(3)




where CM = county crop marketings in USD and W = county consumptive use of water used in irrigation in acre-feet. As with the EWPg, counties with implausible, anomalous values contradicted by other secondary data, were excluded.




2.2.4. Cash Rent Premiums for Irrigated Land


Another method used to estimate the value of water for irrigation is to compare cash rents for irrigated versus non-irrigated land in the same area [44,45]. Cash rents are a better metric than farm sales prices, because the latter may be affected by speculative purchase of agricultural land for conversion to commercial or residential real estate. Cash rents, in contrast, reflect current returns to farming. Some analysts further adjust the irrigated–non-irrigated differential by differences in property taxes or certain additional costs associated with irrigated agriculture [46,47]. However, in efficient land rental markets, cash rents may already reflect these additional cost differences [48].



Data on agricultural cash rental rates come from the U.S. Department of Agriculture (USDA) Cash Rents Survey. The 2008 and 2014 Farm Bills mandated that USDA collect data on mean rental rates for all U.S. counties with 20,000 acres or more of cropland and pasture. USDA did not conduct a survey for 2015. This study reports irrigation cash rent premiums for 2016 as most closely matching USGS 2015 data on irrigation consumptive use of water. Cash rents can reflect market conditions with a lag, with slow year-over-year variation [49,50,51], so irrigation conditions and practices in the previous year may be captured in cash rental rates in the following year. Whenever possible, county-level cash rental rates were used. In some cases, there were not enough responses in a county to meet USDA nondisclosure requirements. In these cases, data for the non-disclosed counties were reported at a more aggregate agricultural-district or combined-counties level. For each county, the most disaggregated data available were used.



The cash rent irrigation premium (per acre) Pa was calculated as


Pa = RCi − max [RCn, RPn]



(4)




where RCi = the cash rental rate for irrigated cropland, RCn = the cash rental rate for non- irrigated cropland, and RPn = the cash rental rate for non-irrigated pastureland.



All values are in dollars per acre. For several counties in the Colorado River Basin, non-irrigated farming is not economically viable, and non-irrigated-cropland rental markets are not active. In these areas, non-irrigated pastureland may be the only viable non-irrigated agricultural land use.




2.2.5. Cash Rent Premiums per Unit of Water


Some analysts have estimated the value of water for irrigation in terms of cash rent premiums per unit of water used for a single crop [48] or multiple, dominant crops grown in an area [52]. This measure accounts for the fact that different crops and regions have different water requirements. The present study makes use of the USGS 2015 county-level estimates of consumptive water use for irrigation. These data were used to derive county-level measures of water consumed (W) for irrigation per irrigated acre (Ai). As with the EWP measures, results were not reported for anomalous counties with data inconsistent with corroborating statistics. The cash rental premium per acre-foot of water, Pw, is given by


Pw = Pa/[W/Ai]



(5)








2.2.6. Green Water Footprint


The green water footprint (GWF) refers to the consumptive use (primarily by crops) of rain water [39,43]. The sophisticated data and modeling requirements needed to estimate GWF for the Colorado Basin are beyond the scope of this article. Other studies have developed county-level estimates of growing-season precipitation, GWF, and related measures [53,54,55]. These, however, often assume water use based on cropping systems that dominate the U.S. Midwest, which are not actually prevalent in the Colorado River Basin. In much of the world, green water is a significant source of water consumption for crop production. Not so for the Colorado Basin. Estimates for the GWF of crop production for the region range from 0 to 10 mm (0 to 0.4 inches) per year [39]. This suggests that green water could contribute only minimally to regional-crop water requirements.






3. Results


3.1. Economic Water Productivity (Gross Returns Basis)


Economic Water Productivity (EWPg) averaged across the entire Basin was 618 USD/AF (USD 0.50/m3) (Table 1). There were marked differences between the Upper and Lower Basins. EWPg averaged 814 USD/AF (USD 0.66/m3) in the Lower Basin, while it averaged 131 USD/AF (USD 0.11/m3) in the Upper Basin. The Upper Basin accounted for 29% of water consumed, but generated just 6% of crop receipts. The Lower Basin accounted for the bulk of water consumed, 71%, but generated an even larger share of production value, 94% of crop receipts. Sorting counties from highest to lowest EWPg, counties that accounted for 24% of water consumption generated 49% of all crop receipts; counties that accounted for 41% of water consumption generated 74% of sales; counties consuming two-thirds of the water accounted for 93% of sales. Conversely, counties with the lowest EWPg accounted for 25% of water consumption, but generated only 3% of Basin crop sales. Lower-EWPg counties, which accounted for a third of Basin irrigation water consumption, generated only 7% of crop sales. Mapping the distribution of EWPg, values tend to be higher in the southwest part of the Basin along the Lower Colorado River mainstem and along the U.S.—Mexico border (Figure 2). Generally, EWPg, values tend to decline moving upriver and to the northeast.



Figure 3 shows the average and marginal EWPg across the entirety of the Colorado Basin. EWPg varied widely across the Basin. Agricultural water consumption totaled 8.8 maf (10.85 km3) across the Basin. When ranked by value of EWPg, counties with the highest economic water productivity (ranging between 1000 and 1750 USD/AF (USD 0.81–USD 1.42/m3) in EWPg) consumed roughly 3 million acre-feet (maf) (3.7 km3) of irrigation water. Meanwhile, another 3 maf (3.7 km3) was consumed by counties with the lowest EWPg values, which ranged between 0 and 500 USD/AF (USD 0–USD 0.41/m3). Counties with an EWPg below 250 USD/AF (USD 0.20/m3) consumed slightly more than 2 maf (2.47 km3).



Gross returns represent an estimate of revenues generated from the sale of agricultural production. Gross returns are not representative of losses to producers from foregoing water, because they include the value of spending on inputs for production, which are avoided if cropland is fallowed. Net returns are a better measure of losses for producers. Gross returns, however, may be useful in estimating the distributional impacts of crop fallowing on the broader agricultural economy. The total compensation needed to mitigate impacts across the broader agricultural economy, including farm labor and input suppliers, is better represented by gross, rather than net returns [56].



Accounting for the value on non-marketed, directly consumed hay had little effect on the relative rankings of counties by EWPg. The Spearman rank correlation coefficient between EWPg and EWPh (which accounts for un-marketed hay values) was 0.99 (p = 0.0000005). The median (average) upward adjustment of EWPh above EWPg across counties was 48 USD/AF (USD 60/AF) (0.04/m3 to 0.05/m3). For six counties, the adjustment exceeded 100 USD/AF (USD 0.08/m3), suggesting that non-marketed feed production can be an important source of irrigation water demand.




3.2. Economic Water Productivity (Net Returns Basis)


For the overall pattern of water productivity based on net returns (crop receipts minus allocable, crop-specific input costs) EWPn is similar to the EWPg. Again, EWPn values are higher for counties along the Colorado River mainstem and the US–Mexico border (Figure 4). Four counties, Imperial and Riverside in California and Yuma and Maricopa in Arizona, accounted for 75% of regional net crop revenues, while consuming 47% of the region’s irrigation water. If one includes, in addition to those four counties, Pinal, La Paz, Graham, and Cochise counties in Arizona, these eight counties accounted for 90% of crop net returns and two-thirds of irrigation water consumed. Conversely, the remaining Basin counties consumed one-third of the region’s irrigation water, but generated just 10% of Basin net crop revenues. Figure 4 illustrates areas in the Basin where compensation payments for foregone net income from crop production under water conservation programs would need to be relatively larger, and, conversely, where they could be lower.



Average net crop returns for the entire Basin were 373 USD/AF (USD 0.30/m3), but there is wide variation across counties. Figure 5 shows marginal (and average) net returns per AF of water across the Basin (EWPn). Net returns exceeded 750 USD/AF (USD 0.61/m3) across counties with the highest EWPn, which consumed 2 maf (2.47 km3) of water. At the other extreme, net returns were less than 100 USD/AF (USD 0.08/m3) across counties with the lowest EWPn, which consumed 1.8 maf (2.22 km3). EWPn may be interpreted as a lower bound estimate of what farmers would need to be compensated to voluntarily forego water consumptive use. EWPn measures the net returns to irrigated crop production deducting most, but not all, costs. Figure 5 illustrates that the costs of such compensation for voluntary forbearance agreements would vary widely across the Basin.




3.3. Blue Water Footprint (BWF)


The blue water footprint (BWF) is expressed here as the amount of irrigation water consumed per thousand dollars of crop revenue produced. The Basin average was 1.62 AF/USD1K (1998 m3/USD1K). The BWF averaged 1.23 AF/USD1K (1517 m3/USD1K) across Lower Basin counties and 7.63 AF/USD1K (9411 m3/USD1K) across Upper Basin counties. Water applications or consumptive use per unit of irrigated cropland are often used as metrics of water use intensity. Comparison of Figure 6 (BWF) and Figure 7 (water consumed per irrigated acre (W/Ai)), however, illustrates that water use per acre does not track especially closely with county BWFs. In fact, the two metrics are negatively correlated. The Spearman rank correlation coefficient between BWF and W/Ai is −0.52 (p = 0.00005).




3.4. Irrigation Rent Premiums


County-level rent premiums on a per-acre basis (Figure 8) and a per-acre-foot basis (Figure 9) again reflect the general pattern (with some differences) as the other water productivity metrics. Premiums for irrigation tend to be higher in the southernmost counties of the Lower Basin, followed by premiums in the rest of the Lower Basin, then premiums in the Upper Basin. Results are more mixed for rental premiums per acre-foot (RPw). This is because some counties with high rental premiums per acre (RPa) also have crop mixes with larger water requirements. Conversely, some Upper Basin counties have lower premiums per acre, but lower water requirements. One may think of RPw as the average increase in value of rented cropland per AF of water applied. Counties with greater water requirements have lower average rent increases per quantity of water consumed, but larger water requirements (more water consumed).




3.5. Association between Water Productivity Measures


Table 2 reports the Spearman rank correlation coefficients, ρ, for the reported water productivity measures. BWF is the reciprocal of EWPg so perfectly negatively correlated with it (ρ = −1). As noted above, water-use intensity, the water consumed per irrigated acre (W/Ai), is negatively correlated with BWF. Water-use intensity is significantly (based on p values) and positively correlated with the water productivity measures EWPg and EWPn, and the per-acre rent premium for irrigated cropland, RPa.



It is somewhat perplexing that the correlation between RPw and the other metrics is relatively weak. Intuitively, one might think that RPw and EWPn would conceptually be closely related, based on net farm income per acre-foot of water. Yet, the correlation (although statistically significant) is only 0.23. Based on inspection of the data, there do not appear to be a few outliers that significantly change the correlations. We also split the sample into Lower and Upper Basins, to explore if heterogeneity of cropping systems might be a factor. However, the correlation was weak in each basin separately. One possibility is the fact that EWPn does not net out all crop input costs and underestimates labor costs in the Upper Basin. Another factor is that RPa, is positively correlated with W/Ai. RPa is converted to RPw, by dividing it by W/Ai. This imposes a “penalty” on values of RPw in regions where W/Ai is especially large. In regions where W/Ai is large, irrigation increases the productivity of the land more, but more water is also needed to achieve that effect. More formal theoretical analysis on this issue is beyond the scope of this study, but is worth pursuing.





4. Discussion


In this study we have developed county-level measures of agricultural water productivity and identified general patterns in the spatial distribution of these measures across the Colorado River Basin. Economic water productivity, both in gross- and net-revenue terms, exhibits some of its highest values in the Basin along the Colorado River mainstem towards the southwest portion of the study area, as well as along the U.S.–Mexico border. This area, especially around the Colorado mainstem, is a center of high-value U.S. winter vegetable production [57,58]. Ref. [59] documented how Yuma County agriculture significantly increased its average EWPg by shifting from long-season crops such as cotton and alfalfa to wheat–vegetable rotations that avoided planted acres in summer months.



Cumulative distributions of water consumption in the Basin ranked by EWPn show a wide range of water productivity values, but generally a significant share of Basin-wide consumption is generating relatively low net returns per AF of water consumed. For example, roughly 2 maf (2.5 km3) is consumed, generating less than 125 USD/AF (USD 0.10/m3) (net basis) at the county level, on average.



Some advocates for water conservation in the Colorado Basin have recommended shifting to cropping systems with lower water intensity (less water consumption per area of irrigated land) [30,60,61]. Yet, other researchers have emphasized shifting to cropping systems with lower blue water footprints to address water scarcity [62,63,64,65,66]. This presents a conundrum for Colorado River Basin water conservation. In general, counties with higher water intensities have lower blue water footprints. Counties with lower water intensities have higher blue water footprints (Figure 6 and Figure 7 and Table 2). This occurs because the low-desert production environment in the southwestern portion of the Lower Basin is characterized by higher temperatures and lower rainfall, which boost crop water requirements. This low-desert environment, however, is also ideal for growing high-value vegetable crops [56]. Vegetables tend to have higher economic water productivity and a low water footprint [56,67].



Recent voluntary conservation agreements in the Colorado River Basin have achieved water savings by compensating irrigators for fallowing cropland and freeing-up water to be kept in storage in Lake Mead or Lake Powell. Between 2015 and 2018, the System Conservation Pilot Program achieved water savings of 47,280 AF (58.3 million m3) in the Upper Basin at an average cost of 180 USD/AF (USD 0.15/m3). Lower Basin conservation projects freed up 175,347 AF (216 million m3) of water at an average price of 170 USD/AF (USD 0.14/m3) [13]. The Lower Colorado River Basin System Conservation and Efficiency Program provides payments up to 400 USD/AF (USD 0.32/m3) for three-year agreements [15], while the renewed Upper Basin pilot program has base payments of 150 USD/AF (USD 0.12/m3) [16]. These differences in offered rates mirror differences this study found in EWPn measures between the Upper and Lower Basin counties. Our results suggest that nearly 2 maf (2.47 km3) of water (more than 20% of Basin agricultural consumptive use) earned an EWPn less than 100 USD/AF (USD 0.08/m3). Converting to today’s dollars would increase EWPn values by roughly 25%. Even so, this suggests that current payment rates offered for water conservation are competitive with the opportunity cost of foregone crop production in much of the Basin. The results suggest that significant water conservation may be supplied by Basin agriculture without large, Basin-scale reductions in crop cash receipts.



Voluntary agricultural conservation programs may include compensation not only for the irrigators, but for others, such as input suppliers and farm laborers in the local economy. These may suffer if lands are fallowed to conserve water. Earlier agriculture-to-urban water-transfer programs between Southern California cities and the Imperial Irrigation District and Palo Verde Irrigation District included such payments to third parties [68,69,70]. To inform similar programs in the future, EWPg based on gross crop returns may be a preferred metric. As agriculture is a competitive industry with relatively small profit margins, gross returns capture payments to input suppliers and to farm labor. EWPg may thus capture direct opportunity costs of foregoing agriculture production for irrigators, input suppliers, and farm labor [56,71].




5. Conclusions


This study has quantified the large differences in agricultural water productivity measures across different counties of the Colorado River Basin. While the challenges facing the Colorado River Basin are substantial, it is not unique in confronting water scarcity. Given the availability of appropriate data, the methods applied in this study offer a useful frame of analysis for other regions addressing pressure on limited water supplies, and may serve as a starting point in developing programs to compensate irrigators for conservation.



We note some limitations of this study, and some future research directions. First, our analysis develops water productivity at the county level. As such, the estimates are abstracted from differences in water productivity across cropping systems within counties. Intercounty differences, nevertheless, were shown to be quite large. Second, USGS county-level estimates of agricultural consumptive water use are released with long lags. Data for 2015 were not released until 2020. More up-to-date water productivity measures would be useful to inform Basin water policy. Results, though, show that irrigated-cropland cash rent premiums per acre were strongly correlated (positively) with economic water productivity (EWPg) and (negatively) with the crop blue water footprint (BWF). Data to compute cash rent premiums are annually reported with relatively short lags (less than a year). Cash rent premiums may then serve as a convenient proxy measure for other water productivity measures.



Our measure EWPn, of net farm returns per unit of water, has incomplete coverage of labor costs in the Upper Basin, while excluding fuel, machinery, and capital costs across the entire Basin. In these respects EWPn overstates net returns and, potentially, levels of compensation needed for water conservation payments. At the same time, however, the value of non-marketed hay (for feed) is a non-trivial share of output in the Basin. Failure to account for this can understate the productive value of irrigation water, and potentially underestimate levels of compensation needed for water conservation payments. It would be useful for future analysis if U.S. federal agencies charged with data collection (USDA, BEA, and the Department of Labor) could provide more complete crop-specific cost estimates.



One area of future research would be formal theoretical economic modeling to quantify relationships between water productivity, water footprints, cash rent premiums, and water-use intensity. The low correlation of rent premiums per acre-foot of water with other water productivity measures is somewhat of a puzzle, which merits further investigation.



Another future research direction would be to understand how different factors—such as climate, access to federal surface-water projects, or availability of farm labor—contribute to such wide differences. Another research area would be to explore how well cash rental rates and the irrigation premium explain differences in water leasing rates in the Colorado River Basin.
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