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Abstract

:

In the Upper Colorado River Basin, agriculture is a major contributor to Utah’s economy, which may be stressed due to the changing climate. In this study, two data-mining techniques and interview data are used to explore how climate variability affects agricultural production and the way the farmers have been adapting their practices to these changes. In the first part of the study, we used multilinear regression and random forest regression to understand the relationship between climate and agricultural production using temperature, precipitation, water availability, hay production, and cattle herd size. The quantitative results showed weak relations among variables. In the second part of the study, we interviewed ranchers to fill the gaps in the quantitative analysis. Over the 35 years (1981–2015), the quantitative analysis shows that temperature has affected cattle and hay production more than precipitation. Among non-climatic variables, resource availability and commodity prices are the most important factors that influence year-to-year production. Farmers are well-aware of these effects and have adapted accordingly. They have changed irrigation practices, cropping patterns, and are experimenting to produce a hybrid species of cattle, that are resilient to a hotter temperature and can use a wider variety of forage.
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1. Introduction


Across the globe, agriculture is very sensitive to climate variability and change [1,2,3]. Climate change affects global agricultural production where the impacts on crop yield range from –13.4% to +3.4% depending on the region, time horizon, and assumptions about crop models [4]. Using different statistical approaches, it is estimated that approximately one-third of the variability in the crop yields can be associated with climate variability [5,6]. In Europe, crop yields are expected to decrease by 45% to 81% by 2040–2070 [7,8]. In India, although the short-term climate impacts are not expected to be severe, 15% and 22% decreases in rice and wheat production, respectively, are expected by 2100 due to future warming [9]. In China, climate change is responsible for decreased crop yields, northward expansion of croplands, and an increase in pests. Using Environmental Policy Integrated Climate model for the US corn belt, corn and soybean yields are predicted to increase under low and medium carbon emission scenario and decline under the high carbon scenario, for 2080–2099 in comparison to the 20-year mean yields for 2015–2034 [10] as much as by 31–43% and 67–79% for the lowest and worst-case warming scenarios by the end of the century [11]. A comprehensive review of various climate models and climate scenarios shows that increasing intensity of extreme temperature and precipitation events will probably further decrease water availability and future crop yields [12]. There is an ongoing need to link climate changes to impacts and onto farmer and rancher adaptations.



Several climate models, scenarios, and analytical methods to assess climate change effects on crop productivity presently exist [12,13]. The Crop Environment Resource Synthesis (CERES)–Maize, Rice, and Wheat models were used in South Africa, Brazil, and China to quantify climate effects on crop yield [14,15,16]. The previous studies using CERES-Wheat show conclusively that with certain adaptation measures, wheat yield can increase in the future in Nebraska USA, Central Europe, and Southern Australia under the climate change scenarios tested using CO2 concentration as an indicator [17,18,19]. In eastern India, InfoCrop along with the ORYZA1 rice model was used to estimate increased yield due to elevated CO2 levels and temperature [20]. Another model CropCyst, applied in southeastern Australia, predicted a decrease in wheat production by 25% under climate change and elevated CO2 concentration [21]. In the Mackinaw watershed in central Illinois, USA, the Soil and Water Assessment Tool (SWAT) was used to predict the vulnerability of corn yield [22]. In Italy, Tunisia, and Uganda, the AquaCrop model [23] helped to quantify the variability of crop yields, identify the soil types and planting patterns possibly best suited to attain a viable yield, and identify effects of possible climate scenarios with and without adaptation measures in place for wheat, tomato and maize crop [7,24]. A study with a multi-model approach with an ensemble of nine crop models identifies temperature-induced water stress as the major contributing factor in crop yield in the US [25]. While these crop simulation models have helped evaluate the effects of climate change and variability of the overall crop production and yield, they use a top-down approach, do not rank the factors that influence production, and require extensive crop, soil, and meteorological data that is not always available in many regions. Results from simulation models can be considered as good as the setup and structure of models and the inputs available [26]. They simulate changes in yield based on historic data and account for adaptation component differently [25] but there is no standardized way to ensure the adaptability of results to the actual production.



Temperature, humidity, heat stress, and other climate components also impact cattle growth, health, immune systems, rumen physiology, reproduction rate, and mortality rate [27,28,29]. The combined effects of climate-related stress impact both beef and dairy cattle by billions of dollars per year in the US alone [30,31]. Climatic conditions can indirectly affect livestock production through changes in the quantity and nutrient concentration of cattle feed (both pastures and forage crops) [32,33,34,35]. These effects are difficult to model due to complex interactions of many non-climatic variables, plant and land ecosystems, and management practices [32,36]. Predicted future warming will increase livestock water demand by three times [37], and limited water availability will further stress cattle.



Many other resources, such as labor, market, policy, technology access, and social, cultural, environmental, and ecological factors influence farmers’ ability to innovate and adapt to climate changes [38,39,40,41,42,43,44,45]. This intermix of factors is well described by Richards musical analogy, wherein musicians (farmers) must interact with other musicians (social/environmental/ecological processes) in real-time during performing a piece (agricultural production process) to produce a coherent performance (agricultural production) [46]. Regardless of the cause, farmers adapt to the changes to avoid yield and income losses. Understanding how farmers adapt to the changes in climate is vital in long-term planning to mitigate the effects of climate on agriculture [47]. Researchers have put forward many propositions to explain why farmers adapt climate-smart technologies such as conservation agriculture [48], transformational adaptation [49,50,51], and systematic and targeted diversification of production systems [52].



This study explores how ranchers in the Upper Colorado River Basin (UCRB) in Utah perceive the impacts of climate variability on hay and cattle production and how they have been adapting to the changes to maintain sustainable businesses. The study links quantitative and qualitative methods – climate extreme indices, correlation analysis, multiple linear regression, random forest regression, and rancher interviews to answer two questions:



Which precipitation, temperature, and natural streamflow variables affect hay production and cattle herd size in the region?



How have farmers adapted to climatic and non-climatic changes in the cattle and hay production process?



Answers to these questions help identify how climatic and non-climatic factors affect agricultural production, strategies ranchers used to adapt to climate and non-climatic factors, as well as strategies ranchers may adopt in the future. The next sections provide background on the Colorado River Basin in Utah, present the analysis methods, results, discussion, and conclusions.




2. Case Study: Colorado River Basin in Utah


The Colorado River serves 40 million people in 7 states of the USA and is one of the most over-allocated rivers in the world. The water availability in the basin is snowmelt driven where about 80% of the precipitation in the basin is in the form of snow. Since the last three decades of the 20th century, the snowmelt has shifted 2–3 weeks earlier [53], which can be linked with the decreased availability of water during the growing season in the basin [54]. Although discrepancies exist among the researchers based on methodological differences, there is a consensus that this region will face a drastic reduction in water supply in the coming decades [55,56,57,58,59,60,61,62,63]. Udall and Overpack estimate a decrease in river flow in the entire basin by up to 20% by mid-century and 35% by the end of this century if business-as-usual warming continues [64].



Agriculture in CRB contributes to about 15% of the total crop production and 13% of livestock in the US [65,66]. 60% of the agricultural land is used to grow forage crops and pasture as feed for cattle [67]. Most of the basin is arid and receives insufficient precipitation, therefore, 90% of cropland is irrigated to supplement the water requirement [67]. In typical farm-ranch operations, calves are born in spring and are a part of the herd for a year. Ranchers raise and feed them on hay that they grow as cattle feed. Cattle are also fed on rangeland and pastures in the summer. Most rangelands are under the Bureau of Land Management or the United States Forest Service that lease the lands to the ranchers yearly. Ranchers round up cattle in the fall and feed the cattle on individual ranches through the winter. They use hay and other supplements to feed the cattle during the season. Young cattle are sold in the spring.



The river is managed by several treaties, regulations, and compacts that are collectively called The Law of the River. The Colorado River Compact (1922) designates Colorado, Wyoming, Utah, Arizona, and New Mexico as part of the Upper Basin [68] (Figure 1). Under the Upper Colorado River Basin Compact of 1948, Utah’s share of water apportioned to the upper basin is 23%. In the Upper Colorado River Basin, river flow has already declined by 16.4% in the last century [69]. Recent trends of earlier-season snowmelt, decreasing snowpack, runoff shifts, and prolonged droughts can be a forerunner to a drier climate [65,70]. The production agriculture–that includes farming, ranching, dairy, and other support industries, is a major economic driver in Utah and contributed $3.5 billion to the state’s economy in 2014 alone [71,72]. As agricultural production is dependent on water availability, climate impacts on agriculture are expected to be severe in the basin. To sustain agriculture in the basin, it is important to understand how climatic variability and other factors affect agricultural production in the region and how the ranchers and farmers adapt to climate-induced changes in production. While many studies have focused on the impact of climate change and variability on water resources in the Colorado River basin, little work has been done on the impacts of changes in climate on agricultural production that we address in the study. Figure 1 shows the 10 counties in the southern and eastern parts of Utah that were chosen for this case study.




3. Methods


This study combines quantitative (statistics and data mining) and qualitative (interview) methods to identify relationships between climate variables (temperature, precipitation, and water availability) and agricultural production (hay production and cattle numbers). The first part of data analysis uses correlation test, multilinear regression, and random forest regression to determine the most important variables that affect cattle and hay production in the study area. In the second part, the first author interviewed farmers in Utah to understand how they have adapted their ranching practices to cope with climate variability in the region and what impacts the changing climate has had on cattle and hay production. The data used in the quantitative analysis has a large variance which the models cannot completely explain. The interviews fill the gap in information that the quantitative analysis cannot describe.



3.1. Statistical Analysis


The first part of this study tests the relationships between climatic variables (precipitation and temperature) and agricultural production to identify the variables to which cattle and hay production is most sensitive.



3.1.1. Data


The daily temperature and precipitation data were acquired from the Parameter-elevation Regressions on Independent Slopes Model (PRISM) [73]. Daily data for natural streamflow was downloaded from the Bureau of Reclamation [74]. Natural streamflow is the streamflow that would have existed if there were no reservoir storage on the river and no other consumptive uses were in play. Annual, county-level data for agricultural production (cattle numbers, alfalfa production, alfalfa yield, acres of alfalfa harvested per year) was downloaded from the National Agricultural Statistics Service (NASS) by the US Department of Agriculture [75]. The data were acquired from 1981–2015. A summary of the data, format, and sources is given in Table 1. The data analyses were conducted using R version 3.4.2.




3.1.2. Climate Extreme Indices


The climate extreme indices proposed by the Expert Team on Sector-specific Climate Indices (ET-SCI) are used in the study to test the relation of climate to the hay production and herd size in our study area. The climate indices provide a better characterization of the climate extremes and facilitate in monitoring the trends and intensity of events that might be responsible for the climatic effects on humans and the environment [76]. These indices are derived from daily temperature and precipitation data by calculating the number of days in a year where daily values exceed a set threshold. Before calculating indices, we homogenized the temperature and precipitation time series using penalized maximal t-test and penalized maximal F test [77,78,79,80] in two-step regression. This is done to detect for autocorrelation and inhomogeneities due to non-climatic factors and to adjust the time series accordingly. The homogenization and correction of the daily time series of precipitation and temperature were accomplished using the R-based RHTest_V4 and RHtests_dlyPrcp packages [81,82]. We used these packages because they are the most recent and advanced in the homogenization of series. The Climpact2 software [83] was used to calculate the climate extreme indices from the quality controlled data. The details of the indices used are present in Table S1.



The annual climate extreme indices, natural streamflow data, and agricultural production data for all the counties were aggregated to get one value for each variable per year. Altogether, we used 35 observations of 6 variables in the linear model (Section 3.1.4) whereas we used 35 observations of 22 variables in the random forest model (Section 3.1.5).




3.1.3. Correlation Test


The association between, hay production, cattle herd size, and the climate indices was investigated using correlation test. We used Pearson’s correlation coefficient as a measure of the strength of the relationship between any two variables. For any two indices that had a correlation coefficient greater than |0.5|, the index with a higher correlation with other indices was removed from the data as it did not add any new information to the model and may have created a bias in the result. For example, the indices ‘days with temperature less than 0 °C (txle0)’ and ’icing days’ had a correlation coefficient of 0.99. Icing days have a higher correlation with cattle and hay production and other indices, so txle0 was excluded from further analysis. In the next step, the indices with very low correlation (<0.03) with cattle and hay production were removed.




3.1.4. Multiple Linear Regression


Two data-mining techniques are used to evaluate the relation of climatic parameters to hay production and cattle numbers in the study area. The hypothesized relation of cattle and hay production to climate is tested using multilinear regression (MLR) and random forest regression (RFR).



Multiple linear regression is used to assess whether a relationship exists between the response variables (cattle/hay numbers) and explanatory variables (selected climate indices). MLR is a standard regression technique to study the relation of a response with many predictors where a linear relation is expected between the response and predictors. Since the units of the variables used are different and vary from tens (for temperature) to 100,000 (for cattle numbers), the data were normalized by their standard deviation before implementing MLR. Cattle numbers and hay production (lbs. per year) are response variables whereas the climate indices, streamflow, and acreage of hay are predictors. Since the indices are correlated with each other, they cannot be the predicting variables for MLR. Two indices for precipitation and temperature, that are not correlated to other indices, are chosen as predictor variables.



F statistic value determines the overall significance or fit of the model; the value shows if the group of the predictors are jointly significant. The other parameter to judge the fitness of the model is the p-value of the F statistic, a model with a p-value <0.05 is significant. F statistic and p-value are jointly assessed to evaluate the overall fitness of the model. The individual predictors are evaluated based on the t-statistic value and the variance explained by the predictor in the model. The more the t-statistic value is over zero, the greater is the relative association between the predictor and the response variable.




3.1.5. Random Forest Regression


Random forest regression was chosen as it is superior in predictive ability to other modeling techniques, such as multiple linear regression, artificial neural network, and support vector machine models. It performs well for identifying the most important predictors as well [84,85,86,87,88], especially for variables that have a nonlinear correlation [89]. The Random Forest algorithm is a non-parametric statistical method that uses an ensemble of decision trees where many decision trees are combined into a single model. Each tree is built by breaking-down the data into random subsets that include homogenous responses and only uses data points from that subset to create the tree [90]. The random subsets are created by bootstrap aggregation (bagging) [91]. Bootstrap sets are created by random sampling with replacement. By doing so, each tree uses predictors different from each other. This procedure decorrelates the individual trees, restricts the model from over-fitting the data, and reduces the variance in prediction. Each decision tree is considered a weak learner and individual predictions might not be very accurate. Thus, the predictions of individual trees are aggregated to a single prediction for the model. The predictors in our model are the climate indices for precipitation and temperature, streamflow, hay acreage; cattle and hay production are response variables.



To build the random forest model for our study, we used the randomforest package in R [92]. In the model’s implementation in the randomforest in R, the user has control over two parameters; the number of trees in a forest (ntree) and the number of variables that can be tested on each split (branch) of a tree (mtry). The model identifies and ranks the variables that are most important for the response variable prediction (here cattle numbers and hay production). The percentage of variance explained by the model in randomforest in R represents the best-fit model or forest (R2 value) for ntree and mtry combination. The seed function is used to allow others to reproduce results. Because of our data, changing the values of the three parameters (ntree, mtry, and seed) gives results with high variance and different importance ranking for the indices for each run. To account for this variance, a function was created that uses different combinations of the three parameters from 1:5000. The models that had positive values for R2 were kept and the frequency of occurrence the most important variables were calculated. The indices that occurred as important variables in most of the runs are considered the most important variables for cattle and hay production.





3.2. Qualitative Interview Analysis


Farmers from counties of Utah who irrigate from the Colorado River and its tributaries were interviewed. We contacted the farmers through county extension agents’ recommendations. The interviewees were farmers whose focus on agriculture was cattle production, hay production, or both. They had ranching experience of 15–60 years. Depending on the interviewee’s preference, they were interviewed via phone or sent the questionnaire by email. The phone interviews took almost half an hour each. Interviews were recorded for the participants who gave consent to be recorded



The interview methods were approved by the Utah State University Institutional Review Board (IRB) protocol #10208. Due to difficulty in recruiting and getting farmers to agree to an interview, sign the IRB protocol, and interview at their convenience, nine farmers (eight male, 1 female) participated; 3 from Carbon, 2 from Duchesne and Emery each and 1 from San Juan and Uintah county. In the nine interviews conducted, we started to obtain similar repeated responses. Thus, we refrained from increasing the sample size as we decided that the ranchers/farmers interviewed are representative of other ranchers in the region. The interviewees were asked questions regarding their farming practices, whether they have observed any changes in agricultural production in the last three decades, and what were their adaptation practices to cope with the changes. The complete questionnaire is presented in File S1.



Thematic network analysis [93] was used to analyze the interview data. Similar themes in the responses of ranchers were identified and the responses were grouped in a codebook. The responses were further classified into sub-themes. The codebook was used to analyze the responses and extract meaningful information from the interview data. As participants shared their opinions and perceptions, the authors did not verify these responses.





4. Results


The first part of this section contains results from correlation test, multilinear regression, and random forest regression that aim to identify the important variables for agricultural production. The second part includes results from the qualitative interview to investigate the adaptation practices of the ranchers to the climate variability and other factors in the study area.



4.1. Statistical Analysis


The time series for annual cattle numbers and hay production show that despite the increasing trend in hay production, there is an overall decrease in cattle numbers in the 35 years studied (Figure 2c,d). In some wet years, cattle numbers and hay production are very low and vice versa (Figure 2a,c,d). There is a large variance in cattle numbers and hay produced in the region across wet and dry years. We find lower hay production during the low precipitation years of 1989, 2002, and 2012, whereas in the high precipitation years, hay production was higher in 1997 but lower or normal in 1983, 2010, and 2015. This result suggests that drought affects hay production in UCRB, but not the normal and wet years. Multiple factors including climate and adaptation strategies affect year-to-year variations in hay productions and the number of cattle.



4.1.1. Correlation Test


The results for the Pearson correlation test for the indices and cattle and hay production show that there is a correlation between cattle/ hay production and temperature indices (Figure 3). Statistically significant correlation coefficients (significance level = 0.05) are marked in red. Years with extremely cold temperatures have the strongest positive correlation with cattle numbers, as shown by the correlation coefficient of 0.44 with frost days (Figure 3). The hay production does not correlate significantly with any temperature or precipitation index but merely on the acreage of hay per year (Figure 3). The correlation coefficient value < 0.01 is not shown in the matrix.



Overall, hay production shows a weak linear relation with the precipitation whereas cattle numbers show no relation with changes in precipitation (Figure 4a,c). The mean temperature has a positive linear relation with hay production but a negative linear relation with cattle numbers (Figure 4b,d). Thus, high temperature is favorable for hay production, as it provides a longer growing season. Contrary to that, high temperatures correspond to lower cattle numbers. This may be associated with heat stress-induced mortality in cattle.




4.1.2. Multilinear Regression


The results from the hay model suggest that at least one of the predictor variables is significantly related to hay production, as indicated by the p-value is 6.08e-13 where a value of less than or equal to 0.05 being significant (Table 2). Hay acreage is ranked the most important variable in the hay model as shown by the t-statistic value of 15.019 and 79.74% variance explained (Table 2, Figure 5). This can be explained by the direct relation of the acreage of hay and the overall hay production. Among the climatic indices, none of the variables are significant for hay production as none of them contributes highly to model prediction (Table 2, Figure 5).



The accuracy of the model is determined by the R-squared (R2) value, where the best-fit model has a value near 1. Although the hay model has a better fit for linear regression than the cattle model (Table 2), hay acreage alone explains most of the variance in the model. It can be interpreted as meaning that other indices have minor influence on the number of cattle.



For the cattle model, the p-value of 0.07 implies that there is no significant relationship between climate indices and cattle number/herd size (Table 2). Among the indices used as predictors, frost days are the most important index for cattle herd size as it explains 23.96% of the variance of the model (Figure 6).




4.1.3. Random Forest Regression


The results from the random forest regression show that climatic variables are more important for hay production than for cattle production as the parameters occur more frequently for the model in hay production than cattle herd numbers (Figure 7 and Figure 8). The index that has the highest frequency of occurrence is considered to have the most influence on herd size or hay production. In the climate indices, the temperature-based indices appear to have more impact on the herd size and hay production in the region (Figure 7 and Figure 8).



Apart from the climatic factors, streamflow (water availability) is an important factor in hay production in the region but is ranked much lower for cattle (Figure 7 and Figure 8). This can be explained by the fact that cattle production is indirectly related to hay (or crop) production, the latter is further related to water availability. The acreage of hay does not appear to be important for cattle herd size (Figure 7 and Figure 8). We explored this aspect in the interviews to identify other factors in play that can influence cattle production and overall herd size.





4.2. Qualitative Interview Analysis


Thematic analysis identified three organizing themes in the data: the effects of climate variability on cattle and hay production, the most important factors that influence cattle and hay production, and the adaptation measures in place and future plans of the farmers (Figure 9).



4.2.1. Changes in Cattle and Hay Production


This theme summarizes the responses of the farmers on their observations on changes in cattle and hay production for the last three decades. Most of the interviewed farmers believe that climate variability has unfavorable effects on agricultural production, but it is hard to always narrow down the cause behind hay yield changes in hot and dry weather.




“In some years, the hay doesn’t do as good and I really haven’t narrowed it down if it’s dry or if it’s just hot. It seems like that there are some years when things are so hot that you can’t keep [hay] wet and you have a little bit of drop in yield in those years”.





The quality of forage is directly tied to water availability. With lack of water from heat stress, farmers reported decreased growth of the hay crop. The water-stressed crop is also prone to pest infestation as farmers noted the fact that lack of water reduces plant immunity. In wet years (like 2019), storing hay that has been rained on is difficult. To avoid this, the farmers would delay harvesting the hay. As a result, the crop yield might increase but the nutritional value of the crop would decrease as the crop progresses through the reproductive stage. Only one farmer said that the wet or dry year does not affect the quality of hay but the overall yield (ton/acres) of the crop. A couple of farmers mentioned that they have seen increased crop production on their farms in the last few decades. This increase in production is mainly because of advancements in methods for farming such as automatic moisture sensors, efficient irrigation systems, fertilizers, and mechanization of farms.



The cattle number does not vary a lot in a wet or dry year, but some health-related characteristics change. Sometimes the cows are not pregnant in the fall, then the farmer either must sell the cow or feed them through the winter with no expectation of compensation by selling the calves. The farmers consider this an added burden. Although most farmers reported that they have lighter and weaker animals in their herd on dry years as there is not as much forage available for them, a couple of them noted that the cattle adapt to changes more quickly and there are no significant changes in their herd. A farmer who has been in the ranching business for 30 years in San Juan county mentioned that cattle can become acclimated to climate changes. This means that since these cattle are born to a mother raised on the range, they have adapted to changes. For choosing which animal to keep in the herd, he preferred to keep the cattle that had acclimated to changes in the environment because,


“Multi-generations of cattle that have lived in this landscape have an intuition of the landscape that allows them to adapt to climate change… potentially quicker than the other livestock.”







Farmers believe that although hay production and cattle numbers change from year to year, the overall production in five years or more remains the same. The farmers live from one extreme year to another and, hence, do not see a notable change at the decadal scale. A wet year similar to the water year 2019 (October 2018–September 2019) makes up for the preceding dry years. One farmer noted that changes that occur in the production are normal and inevitable; therefore, they cannot be associated with climate. They believe that these changes have always existed and cannot be linked to climatic shifts.




“I haven’t observed a whole lot of changes in cattle production [over the last 20 years] … I am living from one extreme year to the next. I got a dry year where I reduce herd size and then I got a year like this [2019] that is so wet that I don’t know what to do”.






4.2.2. Most Important Factors


This theme summarizes the responses of farmers where they talk about the most important factors that affect the production on their lands. Most farmers believe that the most important factors in the region for agricultural production are temperature, precipitation, and the timing of precipitation as the weather is “a giant factor” in the production.



The change in yield, apart from climate, is associated with water supply and restriction on the crop a farmer can irrigate in a year. Most farmers get their irrigation water from the nearest reservoir. For some, water availability is not affected a lot in wet or dry years. When asked, they associate this with having a prior water right. Most farmers note that the water availability changes year-to-year, but the water supply has been less than adequate in recent decades. Even though they get part of their water right in dry years, they maintain their business. One farmer said, “We adjust to what is given to us at that time”.



Management practices play a big role in productivity if farmers can innovate. The farmers who have the resources to maintain a private pasture that can be used in dry years can prioritize lands to irrigate based on the water allocation that year. The cattle raised on private land recover quickly from a dry season. If the farmer works on the farm instead of hiring labor, they invest more time and energy into it. Farmers believe that they cannot pay someone enough to care for the crop and cattle the way they do themselves.



Another important part of farm operation noted in the interviews is deciding the herd size. This decision considers commodity prices and overhead costs. Ranchers believe that government regulation of prices does not allow them to obtain a fair price for their cows and calves. However, this statement is not supported by evidence. The biggest drivers of cattle prices are markets based on supply and demand. For example, a farmer with an average-sized ranching operation said,




“If they [the government] need to manipulate [prices], they should do it in a way that farmers can do well and thrive, so it incentivizes more people to be in agriculture … The American government wants people to have cheap food, well that’s fine as long as the American farmers can afford to be successful and make money. But it’s not that way, 95–98% of farmers and ranchers that I know in Utah have to have another job and source of income. In other industries, people can set prices, make money, and do well. It looks like agriculture is left at the bottom of the scale.”





Cattle prices and available forage drive the decision on how many cattle to keep that year.




4.2.3. Adaptation Strategies


The farmers and ranchers mentioned various strategies that they have adopted to sustain their farm operations in response to climate variability and to increase convenience. A rancher with 60 years of experience in Uintah county stated,


“I think every farmer and rancher has their own way of doing things, and every farm is different with different soil conditions, what everyone needs to know what is best for their soil.







A rancher with 70 years of family ranching in three Utah counties, stated,


“We have learned to adapt management and use of certain pastures or permits to compensate for the type of condition we have to deal with. This is on a yearly basis or even a semi-year issue. “







The most quoted practice that has changed over time was using sprinklers and rolling (wheel) lines for irrigation instead of flood irrigation. This shift is due to limited water availability, and due to increased efficiency and convenience of modern irrigation systems.




“The only real change that I have noticed is that I have moved from flood irrigation to sprinkler, and part of that is just to be more efficient with water, and part of it is just for convenience… it was a lot more work to irrigate with ditches; with pivots, you hit a button and they are watering”.





Ranchers also mentioned hauling water for livestock and buying hay to use as feed as strategies to handle a shortage of water in dry years. Other practices mentioned in the interviews to preserve land and improve pastures are no-tillage operations and rotational grazing.



To maintain cattle, farmers plant more pasture than alfalfa, so they can bring the cattle to the range earlier. Likewise, they are looking into using grain or forage that starts growing earlier. For those who have the resources, they keep the cow on a farm in a dry year and supplement the feed from other sources. In dry years, some farmers keep part of their herd on the private pastures and not on the Bureau of Land Management (BLM) grazing lands.




“I have a big block of private ground that is rangeland … on bad years, I have to use that but on good years I don’t. So that just sits there and grows, gets healthy and recovers in the years when I don’t have to use it. On dry years when I can’t put my cows on the BLM ranges, I have got a private range to fall back on, I can feed on it, I can haul hay out there and supplement on it without worrying about any federal regulations about not doing it on BLM land. Having a private range has been a real help that I can use or not use depending on my needs.”





This strategy is only viable for the farmers with bigger lands and private pastures where they can keep the cattle for at least a season without jeopardizing their health. As a farmer noted,




“On drier years, my farm is a lot less productive and on wetter years when I have water, I can grow more hay than I need… On years when it’s dry, I am using hay early, I am running out of grazing. The last few years I have to keep my cows off the spring range and feed them. That hurts when you can’t take them to spring range, feeding them 90 or 100 days longer than you expected to, that’s tough!”.





Most farmers reduce herd size on dry years but do so as a last resort. They note that they need to bring the cattle earlier to the rangeland due to the lack of availability of forage. Also, they must keep fewer cattle in their herd on a dry year. A farmer with a big ranch in San Juan County noted that he is experimenting with native cattle to get a hybrid breed with the Criollo cow as it is more adaptable to an arid environment. The hybrid breed is expected to be smaller, travel longer distance for water, use a wider variety of forage and would be more resilient to temperature (than the cattle that has acclimated to climate) too; but it will take at least a decade to find out whether the hybrid was a success for the Southern Utah landscape and climatic conditions or not.






5. Discussion


When identifying the relationship between climate and agricultural production, the correlation test found that the climatic parameters and indices tested had correlation coefficient values less than 0.5. Temperature indices had a statistically significant correlation with cattle numbers whereas hay production did not correlate to the indices used in the study. Using indices as indicators of temperature and precipitation, this result implies that temperature has more impact on cattle and hay production than precipitation. This result is contrary to what was expected and what is presented in previous studies where climatic parameters (temperature and precipitation) have shown a significant relationship on the cattle and crop production [5,6,27,29,33,35,36].



The results from the correlation test and linear regression show that climate indices and cattle and hay production do not have a linear relation. Random forest allows us to test the non-linear relationship between the variables by dividing the dataset into smaller sub-spaces. The results from the random forest regression show that climatic parameters are more important for hay production than cattle herd size as the frequency of occurrence of the indices in importance ranking is more for hay production than for cattle number (Figure 8 and Figure 9). In the climate indices, the temperature-based indices appear to have more impact on the cattle and hay production in the region than precipitation-based indices (Figure 8 and Figure 9). As the crops are irrigated and water supplied through storage, precipitation does not directly affect the crop production and cattle numbers. The results rank streamflow (water availability) high as an important factor in hay production. These results are in parallel to the results of previous studies in terms of ongoing post millennium drought; changes in temperature have a more pronounced effect on river flows (hence water availability) [64,69]. It implies that temperature changes drive streamflow and by extension the crop production in the region. Streamflow is ranked much lower for cattle, which can be explained by the fact that herd size does not necessarily relate to water availability but on other driving factors as learned from the interviews. The acreage of hay does not appear to be important for cattle herd size (Figure 8 and Figure 9). We explore this aspect in the interviews to identify other factors at play that can influence cattle production and the farmers’ decision to maintain the number of cattle in the herd every year. We hypothesized that climatic parameters influence hay and cattle production. Such an impact can be considered minor as per the quantitative analysis, as very few indices have a statistically significant correlation with cattle numbers and hay production. The quantitative analysis does not show a distinct pattern or relationship between climate and agriculture on the annual time scale. There is largely a consensus among farmers that year-to-year variability in temperature and precipitation harms the cattle and hay production. Many adaptation techniques were mentioned in the interviews that included changing irrigation practices and cropping patterns to produce enough forage for the cattle to maintain the number of cattle on the ranches, experimenting to produce hybrid species of cattle, that are resilient to hotter temperature and can use a wider variety of forage. Not all of these adaptation measures have been adopted as a response to climate, but some were adopted to increase convenience and reduce labor costs. Some farmers consider the changes in climate as normal, similar to what Liu et. al found in their study about perceptions of Nevada farmers on climate [94]. Other prior studies also show that non-climatic factors such as lack of resources, limited market access, [45], local market availability, market prices [40], social factors such as social history, and the social nature of risk management [41,95] can be the driving force behind the adaptation and changes in practices for farmers. Although local prices of cattle are generally driven by the global market, they have a strong impact on the local economy. In the UCRB in Utah, cattle prices can be a big factor affecting farmers’ decision to decide on the herd size and the crop to plant year by year.



Limitations


The main limitation of this study was data availability. The only source of agricultural data was from NASS, which reports the data yearly. We could not identify the time of year at which the NASS surveys are made. Thus, the data might be missing for parts of the year and the available data may not account for an entire year. The data sets that we could use for all 10 counties of Utah in the study were only available for cattle numbers and alfalfa production. Thus, we could not identify how much of the change in hay production or cattle numbers was due to irrigation or other technology improvements. The unpredictability of the random forest model is very high, thus we ran the same model 5000 times to account for the variability in results. More variables that can account for the economic aspect of agricultural production can be included to bridge the gap. For larger datasets, deep-learning methods such as deep neural networks can be used in future studies to investigate the similar relationship between climate variables and agricultural production in future studies.



The impact of the commodity prices on a farmer’s decision to keep a herd size to a limit should be accounted for as it plays an important role in farm operations. This can be done using more sophisticated agronomic/economic models. Most farmers and ranchers are mindful of the climate impact on agriculture, but a few can adapt to the changes in climate to maintain the same profitability. The individual adaptive capacity of a farmer depends on many social and economic factors.





6. Conclusions


Agriculture is a sector extremely vulnerable to changes in climate. The warming trends show that there will be less water available in the Colorado River Basin. While many prior studies have identified the effects of changing climate on temperature, precipitation, and streamflow, it is important to describe how climate will and has affected agricultural practices and how farmers/ranchers have been and will continue to adapt to the changes. This study identified the different variables that influence agricultural production and how the ranchers in the Upper Colorado River Basin in Utah have been adapting to those changes. It was hypothesized that variability in climate has a direct impact on cattle and hay production in Utah regions of UCRB. This study used a mixed-method approach in which the relationship between climate and agriculture is investigated using quantitative and qualitative analyses.



The quantitative results did not identify any strong correlation, trends, or influence between the temperature, precipitation, or water availability indices and cattle and hay production. In the weak correlation found, temperature has more influence on cattle and hay production than precipitation. Non-climatic factors have more influence on agricultural production in the study area than the climatic parameters studied. The qualitative interviews allowed deeper exploration of climate–agriculture relationships. For example, we learned that farmers perceive changes in hay and cattle production over time in response to a changing climate. The most important factors are precipitation and timing of precipitation. The farmers are already adapting by switching to sprinkler and wheel irrigation systems, planting more pasture than alfalfa to bring cattle to pastures earlier, and reducing herd size as a last resort. Our work highlights that farmers are well aware of climate changes and are already adapting their practices to maintain hay and cattle productivity on their farms.
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Figure 1. Utah counties in Upper Colorado River Basin (UCRB). 
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Figure 2. Annual time series for (a) precipitation, (b) mean temperature, (c) hay production, (d) cattle numbers in the UCRB-Utah region (1981–2015). 
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Figure 3. Correlation matrix for climate indices, cattle, and hay production. 
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Figure 4. Correlation plots for precipitation and temperature with hay and cattle number with precipitation in UCRB-Utah, (a) hay production with precipitation, (b) hay production with mean temperature, (c) cattle numbers with precipitation, (d) cattle numbers with mean temperature. 
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Figure 5. Most important variables for hay production in UCRB-Utah (multilinear regression, MLR). 
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Figure 6. Most important variables for cattle numbers in UCRB-Utah (MLR). 
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Figure 7. Most important variables for hay production in UCRB-Utah (random forest regression, RFR). 
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Figure 8. Most important variables for cattle herd size in UCRB-Utah (RFR). 
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Figure 9. Thematic network for the interview results with the farmers/ranchers in Upper Colorado River Basin in Utah. 
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Table 1. Sources and format of data.
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	Data
	Source
	Data Format
	Spatial Scale
	Time Step





	Precipitation and Temperature
	PRISM
	Csv files
	County
	Daily



	Natural Streamflow
	Bureau of Reclamation
	Csv files
	Station data
	Daily



	Agriculture Data
	NASS–USDA
	Csv files
	County
	Annual
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Table 2. Summary statistics for the results of multilinear regression.
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Predictor Variables

	
Hay Model

	
Cattle Model






	

	
t-statistic




	
Hay Acreage

	
15.019

	
–0.17




	
Continuous dry days

	
–0.28

	
–0.64




	
Continuous wet days

	
2.19

	
1.37




	
Frost days

	
3.11

	
3.54




	
Icing days

	
–2.45

	
–2.17




	
Natural Streamflow

	
0.62

	
–0.89




	
Model fit

	
F statistic

	
43.67

	
2.20




	
p-value for F statistic

	
6.08e-13

	
0.07




	
Model Accuracy

	
R2 value

	
0.90

	
0.32




	
Adjusted R2

	
0.88

	
0.18
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