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Abstract

:

Efficient irrigation technologies, which seem to promise reduced production costs and water consumption in heavily irrigated areas, may instead be driving increased irrigation use in areas that were not traditionally irrigated. As a result, the total dependence on supplemental irrigation for crop production and revenue is steadily increasing across the contiguous United States. Quantifying this dependence has been hampered by a lack of comprehensive irrigated and dryland yield and harvested area data outside of major irrigated regions, despite the importance and long history of irrigation applications in agriculture. This study used a linear regression model to disaggregate lumped agricultural statistics and estimate average irrigated and dryland yields at the state level for five major row crops: corn, cotton, hay, soybeans, and wheat. For 1945–2015, we quantified crop production, irrigation enhancement revenue, and irrigated and dryland areas in both intensively irrigated and marginally-dependent states, where both irrigated and dryland farming practices are implemented. In 2015, we found that irrigating just the five commodity crops enhanced revenue by ~$7 billion across all states with irrigation. In states with both irrigated and dryland practices, 23% of total produced area relied on irrigation, resulting in 7% more production than from dryland practices. There was a clear response to increasing biofuel demand, with the addition of more than 3.6 million ha of irrigated corn and soybeans in the last decade in marginally-dependent states. Since 1945, we estimate that yield enhancement due to irrigation has resulted in over $465 billion in increased revenue across the contiguous United States (CONUS). Example applications of this dataset include estimating historical water use, evaluating the effects of environmental policies, developing new resource management strategies, economic risk analyses, and developing tools for farmer decision making.
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1. Introduction


Efficient irrigation technologies designed to reduce water use per area may be leading to an overall increase in irrigation applications across the contiguous United States (CONUS); quantifying this relationship has been hampered by incomplete irrigated and dryland data at the national scale. Many researchers have documented that efficient irrigation technologies have reduced water consumption per area relative to inefficient systems [1,2,3]. However, others have shown that efficient irrigation technologies have actually led to more water extraction, as the cost of water use declines and new technologies are better suited to extract groundwater from areas with little saturated thickness [4,5,6]. Management plans designed to reduce water use often cite efficient technology as a plausible solution, but the observed increase in irrigation use with efficient systems suggests this may be counter-productive within current regulatory frameworks.



Furthermore, farmers outside of traditionally irrigated regions may be adopting new irrigation practices in response to improved efficiency. For example, irrigated area and total water withdrawals increased by 24% and 8%, respectively, from 2000–2010 across the 25 least irrigated states [7]. One explanation is that areas with a marginal need to irrigate can do so with a higher return on investment when using more efficient technologies, and areas with little or no need to irrigate can do so as a cost-effective way to mitigate climatic variability [8,9,10,11,12]. Crop selection in these areas has also transitioned from regionally-suited dryland commodities to more water-intensive crops, as irrigation allows farmers to produce the commodity with the greatest market value and return on investment, regardless of water demand. For example, in five states within the Great Lakes Region (WI, IL, IN, MI, OH), corn and soybean areas increased by 378,000 ha from 2000–2015, despite a decrease in total area of all major row crops by 943,000 ha [13]. This changing agricultural landscape suggests that the dependence on irrigation for both production and revenue has steadily increased in recent decades. Thus, there is a critical knowledge gap between the intended benefits of efficient irrigation technologies and their observed impacts.



Despite the growing relevance and value of a changing irrigation landscape on both small- and large-scale economies [14,15,16,17,18], comprehensive irrigated yield and area data are critically lacking within major aquifer regions, and are nonexistent across much of the CONUS. Researchers have estimated irrigation and subsequent crop production using a wide variety of methods, including image analysis [19], crop models [20], and statistical models [21], but these efforts are limited in spatial and temporal scope when compared to commonly-used agricultural datasets available at the national level. To the best of our knowledge, no spatially and temporally complete dataset exists for irrigated production across the CONUS. The purpose of this study was to parse out an irrigated signal from historical state-average production data to develop a spatially and temporally complete dataset of irrigated and dryland production for the five major row crop commodities across the CONUS to evaluate irrigation trends and quantify irrigation value relative to dryland strategies.



Here, we have identified: (1) how states have evolved their irrigated crop selections since the introduction of overhead irrigation systems, and (2) the economic dependence associated with irrigation-enhanced yields. We used historically comprehensive state-average production data from 1950–2015 to construct a mixed end-member linear model to decompose aggregate totals and separately quantify irrigated and dryland production. This analysis revealed 65 years of irrigated and dryland decision-making trends previously masked by the aggregate data. These trends highlight the irrigation patterns of major row crops and the economic dependence linked to irrigation water use, particularly in marginally-irrigated states outside of major aquifer regions. Results from this study can be used in a wide-range of applications, including agricultural (e.g., irrigation adoption predictions), economical (e.g., water valuation), and environmental (e.g., land cover change) disciplines; this analysis can also be replicated for finer spatial resolutions and coupled with climate models to examine interactions between irrigation practices and climate change.




2. Methods


2.1. Data and Processing


We started by grouping CONUS states into one of three categories: (1) dryland, (2) irrigated, or (3) mixed. States were assigned as “dryland” or “irrigated” using a threshold of less than 200 L per day of irrigation pumping per cropland hectare or more than 20,000 L/day/ha, respectively [7]. If irrigation fell between 200 and 20,000 L/day/ha, the state was categorized as “mixed” or marginally-dependent, with both dryland and irrigated practices. These thresholds were selected to reflect both United States Geological Survey irrigation estimates (i.e., to coordinate states with notable withdrawals) and to capture the agricultural landscape in terms of total withdrawals versus crop production (i.e., to normalize water withdrawals by total cropping area). It is important to note that irrigated states are predominantly irrigated and not entirely irrigated. The same holds true for dryland states; mixed practices can be observed to a small degree in both end-member groups. According to this classification, there are 11 dryland, 8 irrigated, and 29 mixed states, satisfying natural divisions based on common climate conditions required for the major row crops. One exception was Florida, which classifies as “irrigated” but was switched to “mixed,” since most of its irrigation is used for commodities and specialty crops outside of the five major commodity crops analyzed in this study. The summary of state classifications is shown in Figure 1.



Available yield and area data for each commodity were downloaded at the state level from the National Agricultural Statistics Survey [13]. A few states have recorded irrigated and dryland yields and areas, although these data are isolated to states above major groundwater aquifers (primarily the High Plains Aquifer states). Available irrigated and dryland yield and area data were also downloaded and included in the model construction for each end-member. Water use data used to define irrigated, mixed, and dryland states were downloaded from the United States Geological Survey for 2010, the most recent year with such data [7]. All data were processed and modeled using MATLAB R2018a (MathWorks, Natick, MA, USA).




2.2. Irrigation Yield Growth Enhancement


The 1940s signaled the start of a new era in agriculture, as annual yield values sharply increased relative to the consistent yields observed over the prior 80 years. This rapid increase in crop yield post-1945 can be seen in every state across the CONUS, but a distinct change in the rate of yield increase is clear in states with heavy irrigation practices relative to those with traditional dryland practices.



To demonstrate this yield difference, we plotted corn yields for dryland and irrigated states from 1866–2015, followed by area weighted averages normalized to 1945 and smoothed using a locally weighted scatterplot smooth function (lowess) in MATLAB (Figure 2). Lowess uses a regression weight function to fit a smoothed surface to the annual yield points, similar to a polynomial best-fit trend line, to reduce noise within the data and better capture long-term trends. Normalized trends were then compared across irrigated and dryland states. There was a significant divergence in the rate of yield increase between irrigated and dryland states, beginning in 1950; by 2015, average yields in irrigated states had increased 48% more than dryland states.



In theory, both groups of states should have similar yield trends post-1945, as observed pre-1945, assuming all states had access to the same innovative agricultural technologies that existed. The exception to this assumption is the access to artificial water applications through high-volume irrigation (i.e., the factors beyond irrigation have been similar across populations). Dryland states are climatically prone to both flooding and drought, which can reduce yields. Irrigated states, however, which are prone to drought but less prone to flooding, can supplement seasonal water supply to reduce the yield-limiting impact of drought conditions. This leaves the widespread use of irrigation as the only unique variable between dryland and irrigated states post-1945. The result is a more stable growing environment where water as a primary yield-limiting factor is alleviated compared to dryland states. The difference between yield trends for irrigated and dryland states can then be considered irrigation enhancement (i.e., the increase in yield due to irrigation relative to production of the same commodity in dryland states). Irrigation enhancement has been facilitated by the large-scale adoption of central pivot irrigation, beginning in the 1950s and 1960s, following the mid-century introduction of the technology. Subsequently, irrigation has continued to lead to more rapid increases in yields for over 50 years. By 2015, irrigation enhancement had led to a 545% average increase in production relative to 1945 levels, whereas non-irrigated states had seen a much smaller 366% average increase (Figure 2).




2.3. Estimating Annual Irrigated and Dryland Production


We developed a mixed end-member linear model to estimate dryland and irrigated yields for each state, and applied this model to provide more detailed yield and area statistics across mixed states dependent on both dryland and irrigated practices. A series of predictor variables were assigned to each end-member group to correlate irrigated and dryland yields relative to state-specific characteristics. Predictor variables included time (a proxy for improvements in technology, management, and crop genetics), growing season precipitation and temperature (March–October [22]), state-centered latitude and longitude, average annual recharge (calculated in ArcGIS as the statewide average recharge below agricultural lands [23,24]), and the state-average yields observed across the other major row crops [13]. A multiple linear regression model was then run between the predictor variables and the end-member yields to derive coefficients to be used to estimate dryland and irrigated yields for each mixed state, based on its predictor variables.



The variables used in the linear model to derive prediction coefficients to estimate irrigated and dryland yields for mixed states were a combination of the variables that met three criteria: (1) collectively returned the strongest correlation, (2) were individually significant at a 95% confidence interval, and (3) were statistically significant as a group at a 95% confidence interval. We also required predictor variables to return a complete list of estimated values. For example, every state has data on hay, but less than half have cotton data available. As a result, hay could be used as predictor variable for cotton, but the reverse could not be done. When irrigated and dryland yields from the Agricultural Survey were known for mixed states, they were included as part of the corresponding end-member groups.



In summary, our model estimated four main values at the state level: (1) irrigated yield, (2) dryland yield, (3) irrigated area, and (4) dryland area. Since total agricultural production can be calculated by multiplying yield and area, we were also able to estimate (5) irrigated production and (6) dryland production for each state.



Observed yield trends for each state and commodity were smoothed using the locally weighted scatterplot smooth function (lowess), as described above. We assumed that no high-volume irrigation enhancement was present before 1945, so both estimated irrigated and dryland values were adjusted to the observed 1945 value as a starting point. If observed yield trends fell below the estimated lower limit (estimated dryland) after 1945, the yield trend was assigned the lower limit value. If observed yield trends rose above the estimated upper limit (estimated irrigated), the yield trend was assigned the upper limit value. The yield trends for each state and commodity were then multiplied by the total area within the state for the corresponding commodity to quantify total production. The estimated upper and lower yield limits were also multiplied by the corresponding areas to quantify the upper and lower limits of production.



Estimated dryland yields, estimated irrigated yields, and observed production were used to quantify dryland and irrigated areas using Equation (1) through Equation (3), where PT is total (observed) commodity production, YD is dryland yield, AD is dryland area, YI is irrigated yield, AI is irrigated area, and AT is total commodity area.


PT=YD×AD+YI×AI



(1)






AT=AD+AI



(2)






AI=PT−YD×ATYI−YD



(3)







Equation (1) summarizes total production across both dryland and irrigated practices, while Equation (2) is a simple summation of dryland and irrigated farmland. Equation (3) is the derived form for irrigated area using a system of equations (Equations (1) and (2)), which can also be rewritten to solve for dryland area. Our model estimates yield, and observed production is known. Thus, our area estimates are based on observed production values and estimated yields. This system of equations was applied to each mixed state to estimate dryland and irrigated areas. Calculated dryland and irrigated areas for each mixed state were then summed together to quantify the total dryland and irrigated areas for each commodity from 1950–2015.




2.4. Model Validation


Our model validation dataset consisted of yearly yield data from irrigated and dryland states. In the dryland states, yields were assumed to be completely non-irrigated, while the irrigated states had data provided for both irrigated and non-irrigated data for some commodities, and others were assumed to be solely irrigated. Calibration and validation of the linear model was conducted with two subsets of the overall dataset: (1) Yield data from odd years along with statistically significant predictor variables were used to fit model coefficients, and (2) the model was then applied to estimate yields from the remaining even years for validation. This even/odd year calibration and validation scheme was necessitated by the trending increase in yields nationwide.




2.5. Quantifying the Economic Value of Irrigation: Dominance, Dependence, and Total Revenue


Irrigation dominance for each mixed state was calculated using Equation (4):


IDOM=PT−YD×ATYI×AT−YD×AT=YT−YDYI−YD



(4)




where IDOM is irrigation dominance, PT is total (observed) production, YD is (estimated) dryland yield, AT is total (observed) area, YI is (estimated) irrigated yield, and YT is total average (observed) yield.



Irrigation dependence for each mixed state was calculated using Equation (5):


IDEP=PT−YD×ATPT=AI (YI−YD)PT



(5)




where IDEP is irrigation dependence. Both dominance and dependence values were then area weighted across all mixed states to estimate total values for an individual commodity using Equations (6)–(8):


WS=ATASATAM



(6)




where WS is the weight of the individual state, ATAS is total commodity area across the state, and ATAM is total commodity area across all mixed states,


VWS=SV×WS



(7)




where VWS is the state weighted value, SV is the state value for dependence or dominance, and


VC=∑VWS



(8)




where VC is the total commodity value for dependence or dominance.



Total dominance and dependence values for each commodity were then area weighted across all mixed states to estimate total dominance and dependence across all commodities using Equations (9)–(11):


WC=ATAMAT



(9)




where WC is the weight of the individual commodity,


VWC=VC×WC



(10)




where VWC is the commodity weighted value, and


VS=∑VWC



(11)




where VS is the total mixed state value.



The total revenue generated by irrigation was calculated using all states with significant irrigation practices (mixed + irrigated), and is described in Equation (12):


RIE=(YT−YD)×AT×MA



(12)




where RIE is irrigation enhancement revenue and MA is 2015-adjusted market price. This process was summed across all states to get cumulative values for each commodity. Model limitations are described in Supplementary S1.





3. Results


3.1. Irrigated and Dryland Yield Model Results


Estimated vs. observed yields for the validation years, along with coefficient of determination (R2), for each commodity across mixed states are shown in Figure 3. Supplemental validation is provided in Supplementary S2 and S3, Tables S1 and S2, and Figures S1–S3. Specifically, we observed the strongest correlations in irrigated corn, hay, and soybeans, and dryland corn. We observed the weakest correlation in dryland cotton. Collectively, irrigated estimates showed a stronger correlated fit relative to dryland conditions, as expected, due the decrease in yield variability with irrigated production. Irrigated yields also extended a larger range of values compared to dryland conditions, and higher yields collectively exhibited greater variance than lower yield values. As a whole, our coefficients of determination were strong, as crop yield is a highly variable metric.




3.2. How Have Irrigated Crop Trends Changed?


The most notable change is the increase of both irrigated and total area for corn and soybeans over the last two decades (Figure 4A,D), indicating that farmers transitioned away from other row crops to growing these irrigated commodities. Total and irrigated wheat, and hay to a lesser extent, have both declined in recent years, suggesting that these lands have been transitioned into irrigated corn and soybeans. Total irrigated area also increased, while total dryland area decreased, further demonstrating the increase in irrigation dependence (Figure 4F). From 1995–2015, total irrigated area across all mixed states increased by 2.0 million ha (18.6%); total irrigated area has increased by 2.9 million ha (28.8%) since 2005.



Since 2002, total irrigated area across mixed states steadily has increased by 39 percent, from 9.6 to 13.3 million ha in 2015, nearly matching the peaks observed from 1955–1985 (Figure 4F). Total dryland area has slowly declined since 2007, dropping from 46.3 million ha to 43.0 million ha. Interestingly, total farmland has remained stable since 1985 (~57 million ha), suggesting that any increase in total irrigated area is largely due to the conversion of pre-existing dryland area, rather than the addition of new irrigated lands. Corn, cotton, and soybeans have experienced the greatest increase in irrigated areas (Figure 4A,B,D), where hay has experienced a substantial decline in irrigated area (Figure 4C). Irrigated wheat area has remained relatively stable since 1955 (Figure 4D). The Agricultural Census data for total and irrigated areas per commodity, which were not used for model calibration, are also shown in Figure 4, and further discussion of the Census data is provided in S4.




3.3. How Dependent are Marginal States on Irrigated Production?


Here, we calculated two separate metrics to assess the degree to which marginally-irrigated states are dependent upon irrigation: (1) irrigation dominance: the degree to which the state’s average yield (or production) for a commodity is dictated by irrigated practices, and (2) irrigation dependence: the degree to which current production is dependent upon irrigation yield enhancement. Dominance is simply the fraction of irrigated area to total commodity area (assumed to be 100% for irrigated states), while dependence is impacted by: (A) irrigated per-acre yield increases relative to dryland yield, and (B) increases in irrigated area relative to total area, and is significantly less than 100% even for intensively irrigated states. Thus, any rise or fall in dependency occurs because either: (1) irrigated yields increased relative to dryland yields, or (2) irrigated area increased relative to dryland area, both of which may be influenced by technology and policy changes.



In 2015, irrigation dominance across commodities for all mixed states was 23%, indicating that about a fourth of the total production came from irrigated practices. Irrigation dominance peaked in 1964 at 32% before steadily declining to 16% in 2003. Since then, dominance has increased to its 2015 value (Figure 5). Corn production steadily increased in irrigation dominance until ~1975, after which dominance maintained a relatively steady value around the 2015 value of 38%. Irrigated dominance in cotton has been the most variable, peaking once in 1958 at 73% and again in 2015 at 78%, while rising consistently since the late 1970’s. Hay production was dominated by irrigation from ~1960–1980, with a peak of 58% in 1968; it then steadily declined to just 5% in 2015. Soybean production was originally dominated by irrigation, peaking at 38% in 1960, but quickly declined to nearly zero from 1975–1993. Since then, its irrigation dominance rapidly increased to 25% in 2015. Wheat production dominance has remained fairly stable at approximately 10% since 1950.



In 2015, irrigation dependence across all mixed states was 7%, indicating that about a tenth of all production was in excess of that which would be expected using only dryland practices on the same area. Total irrigation dependence across commodities increased rapidly from 1950 through the 1960s and has continued rising steadily, reaching peak values in 2015 (Figure 6). Corn dependence drives much of the cross-commodity total dependence, steadily increasing following a period of rapid increase through the 1970s and peaked in 2015 at 15%. Cotton dependence rapidly increased starting in 1980, and then peaked in 2011 at 14%. Hay dependence remained steady around 7% from 1964–1984, and then declined to 1% by 2015. Soybean dependence was nearly 0% from 1973 to 1993, but rapidly increased to 7% by 2015. Wheat dependence has slowly increased from 0% in 1950 to 2% in 2015.




3.4. How Much Revenue is from Irrigation Enhancement Across all States?


Irrigation enhancement revenue is a market-based measure of the production due to irrigation, relative to what would have been expected using production practices similar to those in dryland states (i.e., the difference between observed irrigated production by state and the average production trend derived from the normalized average of dryland states; here, revenue does not include operational costs such as system maintenance). When irrigated states are also included with mixed states (mixed + irrigated), we estimate that the total irrigation enhancement revenue since 1945 was $466 billion across the five major row crops: $187 billion for hay, $118 billion for corn, $115 billion for cotton, $32 billion for wheat, and $14 billion for soybeans (cumulative from Figure 7).



Total revenue from irrigation enhancement increased since 1945, with significant dips in 1968, 1983, and 2001–2006. In 2015, total irrigation enhancement revenue was $7.0 billion, with peaks of $11.2 billion in 2012 and $10.6 billion in 1980. Total revenue patterns after 1970 closely resembled the pattern of corn, which peaked at $6.0 billion in 2012 and is currently $3.1 billion. Prior to 1970, the total revenue pattern resembled cotton, where revenue peaked at $3.5 billion in 1951. Wheat fluctuated the least in enhancement revenue, maintaining an annual value of under $1 billion. Peak wheat revenue was $992 million in 1977, with a low of $229 million in 2002. Initially, cotton claimed the greatest boost in revenue from irrigation enhancement, peaking once at $3.5 billion in 1951, followed by a second peak of $3.7 billion in 1979, but enhanced revenue steadily declined to $648 million in 2015. Hay has largely remained the greatest source of enhancement revenue, ranging from $2 to 4 billion from 1945–2015. Much of this early revenue is attributed to the estimated inability to grow hay without irrigation in some states, resulting in all hay production becoming enhancement revenue. Soybean revenue declined from 1960–1990, with a low value of $28.3 million in 1989, but has rapidly increased in recent years, peaking at $1.1 billion in 2012. Further discussion of irrigation enhancement revenue can be found in S5.





4. Discussion


4.1. Connection to Biofuels and Drought


Three major trends have been notable since 2007: (1) increased total irrigated area (Figure 4), (2) increased percent irrigated production (Figure 5), and (3) increased irrigation enhancement revenue (Figure 7). All three trends are tightly connected to the recent increase in market demand for corn and soybeans as biofuel crops. This demand increase began in the mid-2000’s and accelerated in 2008 after the introduction of the 2008 US Farm Bill, which encouraged the production of biomass commodities and may also have encouraged improved cultivars. This connection to biofuel demand is further validated by the increase in corn and soybean area relative to other commodities, along with a concomitant increase in the total irrigated area. A change in crop choice is also apparent in the recent rise in irrigation enhancement revenue for corn and soybeans, the only two commodities with notable increases in revenue. For example, the correlation between irrigation enhancement and irrigated areas for corn and soybeans clearly increased when comparing 1985–2000 (r = 0.57 and r = 0.92, respectively) to 2000–2015 (r = 0.94 and r = 0.99, respectively), indicating an intentional selection to irrigate corn and soybeans during the current biofuel era.



It is also important to identify that the largest increase in irrigation enhancement revenue occurred in 2011–2012, which corresponds to the largest USA drought post-1945. Naturally, irrigated yields are much higher than dryland yields during a significant drought, indicating that the rapid peak in irrigation enhancement was due to climatic controls, coupled with the timing of recent increase in biofuel demand. This is an important observation, as drought intensity and frequency are projected to increase under future climate scenarios [29,30]. 2011–2012 revenue increases are most notable for corn and soybeans, though increases also occurred in cotton, wheat, and hay. One explanation for corn and soybeans experiencing the greatest spike in enhancement revenue is that a large percentage of dryland areas may also have been converted to growing corn and soybeans in regions that do not naturally accommodate these crops to capitalize on the biofuel demand [5]. Thus, the difference between irrigated and dryland yields was exacerbated when the already dry conditions for growing corn and soybeans were intensified by a significant drought. Meanwhile, areas of irrigated corn and soybean were able to maintain steady yields.




4.2. Efficiency Leads to Increased Water Use


Peak irrigation withdrawals at the national level occurred around 1980, and have since been declining [31]. Our model confirms a period of high irrigation use in 1980, but it also indicates that irrigated areas in mixed states are climbing and are not reflective of the national decline in irrigated water withdrawals. Efficient technologies coupled with purchase incentives have likely made irrigation economically feasible in these marginal states, ultimately leading to increased water use in areas outside of major aquifer regions.



The concept of increased efficiency leading to higher use and extraction is often referred to as Jevon’s paradox [32], which originated from coal and oil extraction, and has been long applied in resource economics. However, few have applied this concept to the extraction of water for irrigation [33,34,35]. Since water is often referred to as “the new oil” in popular media, it is important to validate that the efficiency–extraction relationship holds true in groundwater extraction for farming, just as in mining. Most center pivot systems have been upgraded with high-efficiency adaptations, such as low-energy precision applications (LEPA) and low-energy spray applications (LESA), helping farmers in marginal states expand irrigation practices by lowering production costs (e.g., Figure 4 [5]). Similarly, the steady increase in both irrigation enhancement revenue and irrigated area across all irrigated states, including those that are past peak groundwater extraction, further suggests that improved technologies have led to the increased groundwater withdrawals in marginal states or nearly depleted aquifer regions, in addition to other areas throughout the world [36]. Jevon’s paradox appears to hold true in irrigation just as in coal and oil, and is supported in areas where irrigation use has been expanding, which may not be economically feasible without more efficient extraction methods.




4.3. Coupled Human and Natural System


One concern for increased irrigation in mixed states is the negative environmental implications that can occur with water use intensification, in addition to declining groundwater levels. Increased groundwater extraction can cause significant land subsidence, disconnect streams and rivers, require increased energy consumption to pump water from deeper elevations, have notable impacts on regional hydrologic budgets, and cause significant regional climate effects e.g., [37,38,39,40]. However, irrigation in mixed states may never have the same environmental implications as other heavily irrigated regions, due to site-specific aquifer and climate characteristics. For example, specific yields across mixed state aquifers may not allow for the same intensity of irrigation as seen in heavily irrigated states. More humid climates in mixed regions may also be able to tolerate pumping at greater rates due to substantial recharge, as is the case in the Northern High Plains Aquifer relative to the Central and Southern High Plains Aquifer [41,42]. As a result, promoting irrigation in mixed areas that can support high levels of irrigation may be a feasible pathway to help meet future food, fiber, and biofuel demands, as water-stressed regions begin to decline in irrigated production and availability.




4.4. Implications with a Warming Climate


The Intergovernmental Panel on Climate Change estimates that across the CONUS, there will be: (1) warmer temperatures that lead to longer growing seasons, (2) higher maximum seasonal temperatures, (3) increased summer drying over mid-latitude continental interiors, and (4) more extreme El Niño patterns [29]. Conceptually, all four estimations lead to increased irrigation demand and subsequent water use through increased evaporation, increased transpiration, and drier soils. Based on the trends observed in this study, we would expect farmers to adopt new irrigation practices as an adaptation measure to combat these changing climate impacts [43]. Primarily, we would expect this new adoption to occur in predominantly dryland regions, as irrigation serves as a key mechanism for overcoming climate-related yield limiting factors, such as drought and increased temperatures (refer to Figure S2). However, irrigation is more than an adaptive measure, as it also is a feedback source to a changing climate. Increased soil moisture through irrigation substantially alters land–atmosphere interactions and impacts regional hydroclimates [39]. For example, increased irrigation in the western United States has increased precipitation in the east [44], and has been hypothesized to be a main contributor to the warming hole in the eastern United States [45]. As a result, modeling irrigation intensification may serve as a valuable component to future climate-related scenarios.




4.5. Consideration of Management Technology


Many technological management factors that were not individually analyzed here can influence crop production (e.g., use of fertilizers, weeding strategies, conventional versus no-till farming, and new cultivars). However, these technologies are not available at the scale of this study. As a result, we grouped these site-specific strategies into a proxy variable of “time,” recognizing that: (1) these factors are primarily used to maximize annual production and mitigate interannual yield variability, and (2) crop production is substantially driven by physical factors such as precipitation, temperature, and soil type. We analyzed the time proxy as an independent variable, and found it was most notable in irrigated compared to dryland conditions (Figure S2). We also analyzed the residual data for each commodity and condition using a 95% confidence interval (Figure S3), and found that few outliers exist. The implications of these two analyses suggest that: (1) the variables selected for our model captured much of the explanation for crop production (i.e., time is a robust proxy for technological management), and (2) technological advancements should be described as a means for production control that ultimately allow for consistent production increases through time by mitigating factors that lead to yield variability (e.g., drought conditions).





5. Conclusions


Comprehensive irrigated and dryland production data is critically lacking, despite the widespread use of irrigation in modern agriculture as early as the 1940’s. This study used long-term average statewide yield values to estimate irrigated and dryland production across the CONUS from 1945–2015. We then estimated the revenue earned from irrigation enhanced-yields, along with the overall dependence on irrigated production for states with mixed irrigated and dryland practices.



Based on this analysis, we have five main conclusions:




	(1)

	
Irrigation enhanced revenue for the five primary commodities (corn, soy, wheat, hay, and cotton) has totaled over $465 billion since 1945, a considerable amount of revenue solely from the application of water during the growing season. Revenue has consistently increased since 1945, considerably adding to the economic risk associated with intensive irrigation practices. While many irrigated regions are not at risk for groundwater depletion, others are dangerously water stressed. Any imminent large-scale decline in irrigated area could result in a considerable economic loss. Future drought will also greatly alter the value of irrigation, as evidenced by the peak irrigation enhancement revenue during the 2012 drought, which may further increase the dependence and risk associated with artificial water applications.




	(2)

	
Mixed states have become more reliant on irrigation for crop production since the turn of the 21st century, meaning the national and global market has also become reliant on irrigation for crop production. This also increases the economic risk associated with any declines in irrigated practices across the CONUS. Irrigation dominance was 23% in 2015 and rising, and irrigation dependence was 7%.




	(3)

	
Total irrigated area has steadily increased across mixed states over the last two decades. Irrigated area increased 36% from just 2002–2014, with the addition of more than 1.4 million irrigated ha in this 12 year period. Total agricultural area has remained fairly constant, indicating that dryland areas are being converted to irrigated areas, rather than expanding agriculture onto new lands.




	(4)

	
Crop selection in recent years has responded to the market demand for biofuel crops, trending toward irrigated biomass production. Since 2006, irrigated corn and soybean areas have increased by 34% and 207%, respectively. This has involved the addition of more than 3.6 million ha in just the past decade.




	(5)

	
Reallocating irrigation applications to marginal states may be able to help reduce the water stress present in major aquifer regions. Transition of irrigation applications to marginal states could also help mitigate the economic risk associated with crop production at the national level, especially as consistent annual yields become more uncertain within major crop regions due to increased water stress (e.g., the High Plains Aquifer); this may also be possible without negatively impacting the well-being of local residents in heavily irrigated areas [46].









The data generated in this study mirror the format of the commonly used datasets reported by the United States Department of Agriculture, allowing for data processing compatibility with other efforts. The methods can also be applied at a county scale to match the interests of local management districts and statewide water resources conservation objectives [47]. In addition, the climate-related predictor variables used in the numerical model can be replaced with future climate projections at the same scale to develop estimates of feedbacks between irrigation and climate change. This study provides a robust irrigation dataset grounded in reported observations that can be used to analyze and project changes in agricultural resources.
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Figure 1. State classifications of dryland, irrigated, or mixed defined by cropland area per irrigated water use threshold values. 






Figure 1. State classifications of dryland, irrigated, or mixed defined by cropland area per irrigated water use threshold values.
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Figure 2. Corn yields for dryland and irrigated states (a) and yield enhancement due to irrigation (b) demonstrated using 1945-normalized locally weighted means [13]. 
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Figure 3. Multiple linear regression model showing observed versus estimated yields for the validation years across all irrigated and dryland states. Note that axes have different scales. 
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Figure 4. Estimated dryland, irrigated, and total areas for each commodity across all mixed states. Included are the areas reported in the National Agricultural Statistics Service Census history [25,26,27,28]. Panel (A) displays the dryland, irrigated, and total area trends for corn, Panel (B) for cotton, Panel (C) for hay, Panel (D) for soybeans, and Panel (E) for wheat. Panel (F) is the summation of the previous panels to highlight total area trends. 
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Figure 5. Irrigation dominance for each commodity across all mixed states. 
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Figure 6. Irrigation dependence for each commodity across all mixed states. 
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Figure 7. Annual irrigation enhancement revenue for each commodity across all states with irrigation. 
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