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Abstract: In support of Food-Energy-Water Systems (FEWS) analysis to enhance its sustainability
for New Mexico (NM), this study evaluated observed trends in beef cattle population in response to
environmental and economic changes. The specific goal was to provide an improved understanding of
the behavior of NM’s beef cattle production systems relative to precipitation, temperature, rangeland
conditions, production of hay and crude oil, and prices of hay and crude oil. Historical data of all
variables were available for the 1973–2017 period. The analysis was conducted using generalized
autoregressive conditional heteroscedasticity models. The results indicated declining trends in beef
cattle population and prices. The most important predictors of beef cattle population variation were
hay production, mean annual hay prices, and mean annual temperature, whereas mean annual
temperature, cattle feed sold, and crude oil production were the most important predictors for calf
population that weigh under 500 lb. Prices of beef cattle showed a strong positive relationship with
crude oil production, mean annual hay prices, rangeland conditions, and mean annual precipitation.
However, mean annual temperature had a negative relationship with mean annual beef prices.
Variation in mean annual calf prices was explained by hay production, mean annual temperature,
and crude oil production. This analysis suggested that NM’s beef cattle production systems were
affected mainly and directly by mean annual temperature and crude oil production, and to a lesser
extent by other factors studied in this research.
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1. Introduction

A tremendous increase of 50% or more in global demand for meat, especially beef, is predicted
over the next 30 years [1]; this prediction is due to the expected human population growth which can
reach up to 9.7 billion by 2050 [2,3]. Globally and as one of the major food components, recent estimates
suggested that beef contributes to 22.5% and 34.3% of meat and red meat consumption, respectively [4].
A recent special report by the Intergovernmental Panel on Climate Change (IPCC) on climate change
and land indicated that the growing demand for beef (or generally red meat) has a significant impact
on land resources, water consumption, and greenhouse gas emission which consequently can have
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a positive feedback on (i.e., accelerating) climate [5]. The importance of the beef industry to the
United States (US) arises from its significant contribution to the economy as livestock production
accounts for about half of the total farm revenue (~$137 billion) [6]. At the same time, the US’s Fourth
National Climate Assessment highlighted an observed and projected decline in livestock production
that was linked to climate change impact through resources consumption (e.g., water and energy)
and degradation (pasture land) [6]. Unless there is a clear understanding of the factors affecting this
industry coupled with a science-based balanced vision about its impact on climate, enhancing the
sustainability of this industry would be a great challenge [7–9]. While accounting for beef industry as
an individual system is important, this vision also highlighted the need to include and consider the
integration of this system with the interconnected food-energy-water (FEW) systems [10].

Beef cattle production can be affected by many environmental and economic factors including
temperature [11], precipitation [12], rangeland conditions [13], cattle feed [14], production and prices
of hay [15], and production and prices of crude oil [16], among others. It is also important to recognize
consumer demand as the primary driver of the beef prices. Overall global growth in beef consumption
has increased at an average annual rate of 0.7% for the 1990 to 2016 period [17]. Beef consumption in
the US has grown more slower (0.2% annual growth) than globally. This is due in large part to health
concerns and associated replacement of beef with chicken in the US diet [18]. To understand the effects
of some of these factors on the beef cattle industry, this study used New Mexico (NM) as a model and a
suitable indicator due to its multi-latitude location and its diversity of rangeland vegetation types.

The beef cattle industry plays a substantial role in NM’s economy. This industry consists mainly of
three interconnected production sub-systems; cow-calf, backgrounding, and feedlot [19]. The cow-calf
systems depend mainly on rangeland to produce calves which after weaning (at about six months of
age) are sent to backgrounding or feedlots for finishing [19]—processes that depend mostly on feed
supplements. About 39% of NM’s land is considered farm and ranches and 92% of that is used for
grazing [19]. Agriculture and food processing production, which partially supports feed supplements,
make up 12% of NM’s total gross state product (GSP) [20]. In 2012, approximately, 44% of the state’s
total agricultural receipts were generated by cattle, consisting of 55% of beef cattle and calves [20].
Therefore, the beef cattle industry is connected with the other sectors that include water [21], crops,
labor, machineries, equipment, vehicles [22], and energy [16]. These interconnected sectors further
highlighted the need to consider the livestock production system (including beef industry) within
integrated FEW systems [8,10,23]. Within this context, this analysis was aimed to understand the
behavior of beef cattle industry and environmental changes. An initial observation provided by the
authors [24] showed an alarming consistent decline in beef cattle numbers since 1973 that led to this
increased concern about the sustainability of this industry.

Increased global average temperature can have negative impacts on forage and livestock
production [25]. Global warming is evident due to rising levels of atmospheric carbon dioxide,
methane, and nitrous oxide that originate from human activities [26]. The global average temperature
increase during the 1950–2000 period was unprecedented, and it is expected to rise an additional
0.4 ◦C by the end of 2027 [26]. Heat waves due to global warming will be severe by the end of the
current century [26]. High temperatures lead to increased rates of evaporation, resulting in decreasing
water availability for forage plants [27]. In addition, heat stress has negative impacts on cattle feed
efficiency [28,29]. Beef cattle fertility can be affected when average daily minimum temperature
and humidity are above 17 ◦C and 73, respectively [11], The observed rising temperature trend in
New Mexico is not so different than that of the global averages [24]. Hence the response of NM’s
beef industry to these trends can provide a good characterization of the potential behavior of this
industry globally.

NM’s beef industry may face serious threats from lack of water that can affect rangeland forage
and feed supplements production as well as drinking water supply [30]. NM’s climate is generally
semi-arid to arid [19]. Thus, the agricultural sector primarily depends on surface and groundwater that
account for 53% and 46% of the total freshwater, respectively [21]. On average, livestock consumes 1%
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of the total water withdrawals [for drinking]. All water used by livestock come from surface water (9%)
and groundwater (91%) [21]. Precipitation and water flow from other states are primary contributors to
these sources. So the lack of precipitation, increased evaporation, and persistent drought continued to
negatively impact these sources [31]. Increased pressure on water due to population growth, drought,
and the need to increase food production for human consumption from irrigated agriculture can result
in reduced rangeland livestock production [30].

In addition to its normally dry conditions, another challenge facing NM beef production is the
decline in forage production due to drought [32] and heavy grazing [32,33], where heavy grazing
usually refers to 57% use of the main forage plants [34]. These two factors can directly affect rangeland
conditions. A study conducted in southcentral NM showed that heavy grazing during a drought in
1974 resulted in a decline in blue grama production to 60% (about 34 kg per hectare), compared to
pre-drought production (about 170 kg per hectare) [32]. Another study in Southeastern NM indicated
that the decrease in blue grama production caused by heavy grazing was more than the decline caused
by light grazing [33].

The beef industry in NM can also be influenced by low livestock prices coupled with high feed
supplement prices often associated with drought [12]. When these economic phenomena occur, their
impact lasts for half a decade or longer [12]. For example, the 1996 drought led to a decrease in livestock
prices to 35% below those of the 1992–1993 period, while grain prices increased by 100% from the
1995 prices [12]. In response to drought, ranchers reduced herd numbers through liquidation due to a
decline in rangeland forage production [12,13]. In other cases, ranchers opted to enhance supplemental
feeding and leased lands to retain their cattle to avoid herd liquidation and low cattle prices triggered
by drought [13].

Recent ranchers’ behavior can affect the production of supplemental feeds. Between 2002 and
2014, the number of farms in NM experiencing net economic losses rose about 81% [30]. This rise in
net economic losses was mainly attributed to a decline in the size of farmlands to 41% over a period of
10 years (2002–2012) [30]. In NM, lands have been converted to be used for other purposes like crude
oil extraction [30,35]. This conversion practice leads to loss of croplands that play an important role in
producing supplemental feed for livestock [36]. Additionally, crude oil extraction leads to increased
pressure on water through drilling processes that needs a considerable amount of water [37].

Moreover, beef cattle production can directly and indirectly be impacted by drought which can
limit water availability and consequently energy production [38]. Water is one of the major inputs in
energy (primary and secondary) production because it is used in the extraction of crude oil and in
the cooling of power plants that are used to produce electricity [38]. Water shortage can reduce the
efficiency of these power plants. For instance, due to the 2012 drought, one-third of the United States
(US) was affected by water shortage that also hampered energy production at some locations [38]. These
effects, consequently, led to negative impacts on the beef cattle production process because energy is
needed in agricultural operations for powering agricultural machineries, producing fertilizers, and
transporting crops [39], which can affect the production of feed supplements. Therefore, any change
in crude oil production and its associated costs can have impacts on ranchers, especially for those
who use great amounts of harvested forage and grain to feed their cattle [40]. Furthermore, energy
plays an essential role in the transportation of animals. For example, the cow-calf systems, which are
widely used in US, involves moving weaned calves to pasture and then feedlot to be finished [41].
Once finished at a feedlot then they are sent to the slaughterhouse.

Historically, in NM, increased energy prices that coincide with a reduction in crude oil production
affect livestock production by increasing ranching costs [16]. Increases in livestock prices are usually
insufficient to offset the rise of energy prices and ranching costs, resulting in financial losses [16]. While
crude oil prices increased from $2.9 (per barrel) in 1959 to $89.2 in 2010 [42], beef prices increased from
$6.2 (per 45.4 kg) in 1959 to $84.7 in 2010 and ranching costs represented by hay prices increased from
$24.3 to $177 (per ton) during the same period [43].
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Research is lacking on proper characterization of the relationships between the beef cattle system
and water-energy systems which can negatively affect the development of sustainable production
systems [8,44]. Providing such characterization not only can potentially help in improving the
sustainability of the overall food production but also FEW systems. The objectives of this study were to
contribute an understanding and provide improved characterization of the linkages among NM’s beef
cattle-climate-energy systems, examine their responses to stresses, and develop resilience strategies.
These objectives were achieved by evaluating the relationships between beef production systems (i.e.,
beef cattle population, calf population, and their corresponding prices) and hay production and prices,
mean annual temperature, mean annual precipitation, rangeland conditions, cattle feed sold, and crude
oil production and prices.

2. Methodology

2.1. Study Area

The study focused on beef cattle production in NM, which is located in the southwestern region of
the US (31◦20′ N to 37◦ N) and (103◦ W to 109◦3′ W). With an average annual precipitation of 380 mm,
NM is classified as the fifth driest state in the US. Most of the precipitation falls in the summer months
of July and August, with small amounts fall in January. Precipitation rate varies spatially from high to
low from north to south, respectively. The mean annual and maximum temperatures are 11.5 ◦C and
40.6 ◦C, respectively. The annual evaporation rate is more than 250 cm. Generally, NM is considered
the fifth largest crude oil producer in the US, accounting for 5% of the total US production. Based on
NM’s characteristics mentioned above, the state can be considered as a model and a good indicator to
understand the linkages between beef cattle production and some environmental and economic factors
including energy, water, and climate change. This understanding can be generalized for other parts of
the world with similar arid to semi-arid conditions.

2.2. Time Series Data

The data used in this study consisted of 45 years (1973–2017) of beef cattle population (numbers
of beef cattle) and calf population (number of calves that weigh under 500 lb.); hay production (tons);
mean annual hay price ($ per ton); mean annual rangeland conditions (percent); cattle feed sold (tons);
and mean annual prices of beef cattle and calves ($ per 45.4 kg) that were obtained from the US
Department of Agriculture National Agricultural Statistics Service (USDA-NASS) [43]. It is important
to note that the USDA reports a number of categories of calf population that include in addition to
calves that weigh under 500 lb., steers that weigh 500 or more, heifers that weigh 500 or more, and calf
crop which may include the sum (with some level of uncertainty) of these three categories. All data
obtained from the USDA website represents an inventory that is conducted in January each year
for all variables. Environmental data including mean annual precipitation (mm) and mean annual
temperature (◦C) were obtained from the Western Regional Climate Center [45]. Crude oil production
(barrels) and mean annual prices ($ per barrel) data were obtained from the Go-TECH [46] and the
Federal Reserve Economic Data (FRED), respectively [42]. Mean annual range condition can be used
as an indicator of rangeland forage production. Mean annual calf prices are the prices of calves that
are less than one year old and weight less than 226.7 kg. Mean annual cattle prices refer to prices of all
cattle that weight more than 226.7 kg.

2.3. Statistical Analysis

All prices were adjusted for inflation, according to the consumer price index (CPI) that was
obtained from FRED [42]. Calf population was converted to percent (%) by dividing the number
of calves that weigh under 500 lb. in each year by the number of beef cattle. Prior to conducting
simple regression analyses, relevant statistical tests were performed including: (1) Portmanteau tests
and Engle Lagrange multiplier tests to check outliers and homoscedasticity at time lags (years) 1–12;
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(2) Shapiro–Wilk tests to check normality; and (3) Durbin–Watson tests to check autocorrelations.
The Durbin–Watson test was used to diagnose autocorrelation in residuals of linear regression in all
data. Heteroscedasticity and autocorrelation were detected in our data. To determine the significance
of a variable in explaining the variation in beef cattle production and its prices, the generalized
autoregressive conditional heteroscedasticity (GARCH) and its exponential version (EGARCH) models
were used at significance level of 0.05 when heteroscedasticity and autocorrelation were detected [47].
Proc AUTOREG in SAS 9.4 (SAS Institute, Cary, NC, US) was used in the analysis.

3. Results and Discussion

3.1. Factors Affecting Beef Cattle population

Based on a visual inspection of all available historic data since 1973, beef cattle population (i.e.,
numbers) showed a consistent declining trend. The lowest cattle numbers were observed in 2015,
with an annual beef cattle population of only 407,000 head (Figure 1). The results indicated that mean
annual temperature, hay production, and mean annual hay prices were the only significant predictors
that were able to explain some of the variation in beef cattle population (Table 1).
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Figure 1. Time series plots of beef cattle population (head) with mean annual temperature (◦C),
hay production (ton), and mean annual hay prices ($/ton) in NM between 1973 and 2017.
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Table 1. Summary of simple regression analyses of variables used to predict beef cattle population
(heads) in New Mexico (NM) between 1973 and 2017 using a generalized autoregressive conditional
heteroscedasticity model (GARCH) or an exponential GARCH (EGARCH).

Independent Variables Model Intercept Estimate (β) R2

Mean Annual Temperature (◦C) * EGARCH 840,045 −24210 0.77
Mean Annual Precipitation (mm) EGARCH 560,361 57.1596
Crude Oil Production (barrels) EGARCH 689,675 −0.000038
Mean Annual Crude Oil Prices ($ per barrel) EGARCH 676,828 310.1408
Hay Production (tons) * EGARCH 559,446 0.1103 0.80
Mean Annual Hay Prices ($ per ton) * GARCH 519,494 434.4435 0.80
Mean Annual Range Conditions (%) EGARCH 552,698 −10331
Cattle Feed Sold (tons) EGARCH 527,442 0.1453

* Model is significant at P ≤ 0.05.

Mean annual temperature was significantly linked with beef cattle population (β = −24,210) and
explained 77% of its declining trend (Table 1). The results showed that the increased mean annual
temperature to ~2.3 ◦C between 1973 and 2017 was associated with a decline in beef cattle numbers
from 680,000 to 465,000 head (Figure 1). Generally, beef cattle can be affected by high temperatures
because they have negative impacts on animal growth, feed efficiency [28], and animal health [25].
A more rational explanation that is pertinent to New Mexico was related to long-term reduction in
rangeland forage production that was observed in the Chihuahua Desert and was linked to increased
temperatures as shown in [48].

Hay production (β = 0.11) and mean annual hay prices (β = 434.44) contributed significantly to
variations in beef cattle numbers. They each accounted for 80% of the variation in beef cattle numbers.
The increase in hay production between 1993 and 2000 coincided with temporally stable beef cattle
numbers. However, in 2017, both hay production and beef cattle numbers showed a 33% and 17%
decline, respectively, compared to 2000 (Figure 1). The relationship between beef cattle population and
mean annual hay prices is shown in Figure 1. Beef cattle population was positively correlated with hay
production and mean annual hay prices. It should be noted the dairy industry is a major driver of hay
prices as well as the beef industry. NM’s beef cows consume on average 33% more hay than dairy cattle.
This average is inferred from the number of beef and milk cows as provided in the USDA-NASS reports
for the period 2000 to 2017. On the other hand, persistent drought conditions can partially explain the
increase in mean annual hay prices, hay production, and beef cattle numbers. It should be noted that
generally the demand for hay is the major driver for hay prices. During drought periods, the demand
for hay increases due to the potential decline in rangeland forage production. This increased demand
for hay during drought can then lead to the need to increase irrigation requirements for cultivating hay
crops. In NM water supply comes mostly from combined surface and groundwater sources. Shortage
in surface water supply during drought periods is supplemented from groundwater sources which is
then accompanied by cost of pumping. Hence the combined effects of hay demand during normal
conditions, frequent drought, and cost of pumping can partially lead to increased hay prices. The use of
hay in beef cattle nutrition, specifically alfalfa hay, can lead to better animal performance by improving
cattle digestibility [14], and reproduction [49]. This can result in reducing mortality rates among herds.
However, during drought periods some ranchers have opted to retain their cattle on lands where
plants cannot meet cattle requirement from forage without providing them forage supplements [12].
Such management practice can result in losing weight and increase mortality among beef cattle [12].

The obtained results indicated that there were no relationships between beef cattle population and
other investigated variables including mean annual precipitation, rangeland conditions, and cattle feed
sold (Table 1). Also, the regression analysis was not able to detect any significant relationship between
beef cattle population and crude oil production and prices. It should be noted that, this finding was
inconsistent with those from the study by Holechek and Sawalhah [16]. Based on a qualitative analysis,
they suggested that a combination of declining crude oil production and rising crude oil prices can



Sustainability 2019, 11, 6840 7 of 17

negatively affect livestock industry profits by increasing transportation costs [16]. Additional analysis
will be conducted in the future to evaluate these two different findings.

3.2. Factors Affecting Calf Population

In 2017, calf population decreased to around 40% compared to 70% in 1973. The lowest calf
population was observed in 2008 (34.6%, Figure 2). Only mean annual temperature, crude oil
production, and cattle feed sold were able to explain some of the variation in calf population (Table 2).Sustainability 2019, 11, x FOR PEER REVIEW 8 of 17 
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Figure 2. Time series plots of calf population that weigh 500 lb. and under relative to beef cattle
numbers (%) with mean annual temperature ◦C, crude oil production (barrels), and cattle feed sold
(tons) in NM between 1976 and 2017.
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Table 2. Summary of simple regression analyses of variables used to predict calf population (the
number of calves that weigh under 500 lb. divided by the number of beef cattle in %) in NM between
1973 and 2017 using a generalized autoregressive conditional heteroscedasticity model (GARCH) or an
exponential GARCH (EGARCH).

Independent Variables Model Intercept Estimate (β) R2

Mean Annual Temperature (◦C) * EGARCH 123.4081 −5.8963 0.70
Mean Annual Precipitation (mm) EGARCH 61.5349 0.007567
Crude Oil Production (barrels) * EGARCH 65.2082 −1.475 × 10−8 0.70
Mean Annual Crude Oil Prices ($ per barrel) EGARCH 66.3727 −0.0935
Hay Production (tons) EGARCH 65.6726 −1.612 × 10−6

Mean Annual Hay Prices ($ per ton) EGARCH 77.3626 −0.0540
Mean Annual Range Conditions (%) EGARCH 57.3890 6.7819
Cattle Feed Sold (tons) * EGARCH 75.9448 −1.824 × 10−6 0.72

* Model is significant at P ≤ 0.05.

Mean annual temperatures were significantly related to decreased calf population (β = −5.89) and
explained about 70% of its variation (Table 2). The results showed that calf population dropped about
50% between 1979 and 2017 as the mean annual temperature increased from 11.09 ◦C to 13.4 ◦C (about
2.31 ◦C increase) (Figure 2). Increased temperature can result in decreased cow fertility [11]. It also,
can reduce nutrient intake by cows [28]. Undernutrition during gestation period can cause increased
mortality among calves [50].

Crude oil production was significantly correlated with calf population (β = −1.475 × 10−8) and
explained 70% of its variation (Table 2). Comparing 2017 to 1973, crude oil production almost doubled,
while calf population declined about 30%. However, much of the decline in calf population was during
a period with a relatively stable crude oil production which showed an exponential increase after 2010
(Figure 2). This can be attributed to the development in crude oil production that requires changing
lands to be used as oil pads, roads, and other infrastructures [36], leading to loss of rangelands that are
considered the primary source of forage for livestock. On the other hand, the analysis also indicated
that hay prices, hay production, mean annual precipitation, range conditions, and mean annual crude
oil prices were not able to explain the behavior of, or provide a relative response to, calf population
(Table 2).

Cattle feed sold was negatively related to calf population (β = −1.824 × 10−6) and explained 72%
of its variation (Table 2). During 2006 to 2014 period, there was a surge (more than 100%) in cattle feed
sold followed by a sudden decrease, meanwhile a notable drop in calf population was observed during
the same period. Increased cattle feed sold of about 485 × 103 tons in 2009 was associated with a 39%
decline in calf population (Figure 2). This can partially be attributed to selling calves early because
rangelands cannot support additional number of animals [13]. In addition, during this period NM
suffered from persistent drought conditions as indicated by Palmer Drought Index (PDI) [24] that can
also partially explain the relative behavior of cattle feed sold and calf population. Moreover, prior
to this drought period, NM’s rangeland forage production did not show signs of improvement even
when it received reasonable precipitation [24]. Therefore, ranchers needed to use cattle feed in order to
keep their cattle. However, previous studies indicated that the prevalent management strategy during
droughts for NM’s ranchers was to sell calves early as short yearling to avoid increased ranching
costs [12,13].

3.3. Factors Affecting Beef Cattle Prices

Mean annual beef cattle prices showed an overall consistent declining trend since 1973. A steep
decline was observed during 1973–1996 followed by moderate to stable price levels since then.
The greatest beef cattle price drop was observed in 1996 and the average decline in prices in the 2010s
was about 62% relative to the 1973 price (Figure 3).
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Figure 3. Time series plots of mean annual beef cattle prices ($/45.4 kg) with mean annual temperature
(◦C), mean annual precipitation (mm), crude oil production (barrel), mean annual hay prices ($ / Ton),
and range conditions in NM between 1973 and 2010.
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As shown in Table 3, mean annual temperatures were significantly correlated with mean annual
beef cattle prices (β= −13.8) and explained 79% of its declining trend. The data showed that in 1973,
mean annual beef cattle price was $250 per 45.4 kg, while mean annual temperature was 11 ◦C. In 1996
as the mean annual temperature increased to 12.6 ◦C, mean annual beef cattle price dropped to $71.7
per 45.4 kg—which is a 70% drop compared to the 1973 price (Figure 3). In NM and based on this
analysis, it appeared that the beef cattle prices were affected by many factors, that can mostly be
attributed to change in climate as represented by rising mean annual temperatures. High temperatures
can result in a high rate of evaporation of approximately more than 250 mm annually. Increased
evaporation can reduce water availability for forage plants [27], and when coupled with drought can
result in degraded rangelands in terms of forage quality and quantity. It should be noted that NM’s
rangeland forages are considered the primary feed source for beef cattle. With the degraded forage
in rangelands, ranchers tend to use forage supplements to feed their cattle at least 3–5 months per
year [13]. Increased use of supplemental feed can lead to increased ranching costs especially during
drought periods. This combination of increased temperature, drought, and increased use of feed
supplement can be the main reason for reducing herd sizes through liquidation, therefore livestock
prices fluctuated based on supply-demand relationship. The impact of destocking and later restocking
in response to these climatic fluctuations can cause regional livestock price fluctuations which can
alter the supply-demand relationship. This finding, however, highlighted the need to evaluate the
dynamic behavior of beef demand, production, and price fluctuations during both normal and drought
conditions. However, the need to conduct such evaluation was out of the scope of this analysis and is
currently being conducted by this research team.

Table 3. Summary of simple regression analyses of variables used to predict mean annual beef
cattle prices ($/45.4 kg) in NM between 1973 and 2010 using a generalized autoregressive conditional
heteroscedasticity model (GARCH) or an exponential GARCH (EGARCH).

Independent Variables Model Intercept Estimate (β) R2

Mean Annual Temperature (◦C) * EGARCH 384.4344 −13.8008 0.79
Mean Annual Precipitation (mm) * EGARCH 201.2890 0.0592 0.74
Crude Oil Production (barrels) * GARCH −20.1017 1.7844 × 10−6 0.62
Mean Annual Crude Oil Prices ($ per barrel) EGARCH 220.3574 0.1547
Hay Production (tons) EGARCH 213.5465 7.8635 × 10−7

Mean Annual Hay Prices ($ per ton) * EGARCH −65.9333 0.9347 0.53
Mean Annual Range Conditions (%) * EGARCH 206.1766 28.2504 0.78
Cattle Feed Sold (tons) GARCH 159.7860 −0.000033

* Model is significant at P ≤ 0.05.

Mean annual precipitation and mean annual range conditions were significantly related to mean
annual beef cattle prices (β = 0.05), and (β = 28.25) and explained about 74%, and 78% of its variation,
respectively (Table 3). These results can partially be explained by the fact that adequate precipitation
and favorable temperature between drought periods can result in improved vegetation conditions
which, in turn, can provide enough rangeland forage to carry additional animals and postpone sale
especially when predicted prices were satisfactory [12,13]. Thus, ranchers can retain their cattle
resulting in a temporary increase in beef cattle prices. In 1979, increased mean annual precipitation
to 391.9 mm and decreased mean annual temperature to 11.2 ◦C resulted in improved mean annual
range conditions to 82.4%. This can partially explain the increased beef cattle prices to $235.7 per
45.4 Kg. In 2003, however, decreased mean annual precipitation to 250 mm and increased mean
annual temperature to 13.03 ◦C led to a sharp drop in mean annual range conditions to 26.2 % and
consequently resulted in a declined beef cattle price to $92.6 per 45.4 Kg (Figure 3). The results showed
that there was cyclical pattern that can be used to describe the behavior of beef cattle prices. The prices
generally increased for about 1–3 years then followed by a decrease for about 2–4 years.
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Since 1973, fluctuation in crude oil production was correlated with the mean annual beef cattle
prices (β = 1.7844 × 10−6) and explained 62% of its variation (Table 3). In 1973, the observed increase in
crude oil production to about 93 million barrels per year was associated with a raise in mean annual
beef cattle price to $250 per 45.4 Kg. Similarly, a decline in crude oil production to about 66 million
barrels per year in 2010 was associated with a decrease in mean annual beef cattle price to $95.2 per
45.4 Kg (Figure 3). A rational explanation for this correlation is that crude oil development can have a
positive impact on beef cattle industry by providing extra income for some ranchers who were also
involved in the crude oil sector [16]. This effect is not broadly applicable since most of the crude oil
production (more than 90%) occurs in eastern NM and only 8.6% of the farm and ranch bussinesses
received income from the energy sector in the form of royalites and leases [51]. Improved financial
status of ranchers can enhance their ability to buy feed supplements, reduce liquidation operations,
and consequently lead to increased beef cattle prices.

Mean annual hay prices were correlated with mean annual beef cattle prices (β= 0.93) and
explained about 53% of its variation (Table 3). Figure 3 showed that both mean annual beef cattle
prices and mean annual hay prices declined since 1973, but with notably different percentages of
decrease. In the 1973–2010 period, mean annual hay prices declined about 29% while mean annual
beef cattle prices dropped 62%. This correlation is in agreement with observed traditional economic
and rangeland management practices followed in NM. In normal conditions NM’s ranchers buy feed
supplements to feed their cattle during the winter season (about 3–5 months) [13]. Such use of feed
supplement adds to the overall production expenses and ranching costs. It has been shown that hay
prices can be affected by the increase in crude oil prices [2], which also can result in increasing ranching
costs and mean annual beef cattle prices. On the other hand, historical prices suggest that NM’s
prices are reflective of the national economy but not necessarily affect its behavior. A time series plot
(Appendix A) of the two market prices provided an initial perspective about similar behavior that
needs additional analysis which was out of the scope of this paper. An in-depth evaluation is under
development by the authors and will be disseminated in the further. Also, generally, the factors that
influence crude oil production have a moderate impact on beef cattle production. These conditions
show generally how beef cattle prices are sensitive to changes in hay prices. Additionally, it should be
noted that the overall effect of a decline in beef cattle prices can result in reduced profitability and
ranchers’ income. The other variables including hay production, cattle feed sold, and mean annual
crude oil prices did not show any relationships that can be used to describe the behavior of mean
annual beef cattle prices (Table 3).

3.4. Factors Affecting Calf Prices

Mean annual calf prices showed a significant declining trend since 1973. Summary of regression
analysis of variables used to predict mean annual calf prices is shown in Table 4. Mean annual
temperatures had a negative correlation with mean annual calf prices (β = −6.14) and explained 40% of
its variation. In 1979, a low mean annual temperature of 11.2 ◦C, coincided with a rise in mean annual
calf price to $119.7. In 1996, an increase in the mean annual temperature to 12.6 ◦C was followed by a
sharp drop the mean annual calf price to $33.6 (Figure 4). Increased mean annual temperatures can
not only affect livestock by causing low nutrition, growth cessation [28], and eventually death [25],
but they can also result in high evaporation rates which, in turn, limit water availability for plant
growth, causing a decline in rangeland productivity [27] and early calf marketing (liquidation) [13].
The liquidation operation can lead to decline calf prices [52].
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Table 4. Summary of simple regression analyses for variables predicting mean annual calf prices
($/45.4) in NM between 1973 and 2010 using a generalized autoregressive conditional heteroscedasticity
model (GARCH) or an exponential GARCH (EGARCH).

Independent Variables Model Intercept Estimate (β) R2

Mean Annual Temperature (◦C) * EGARCH 174.1819 −6.1484 0.40
Mean Annual Precipitation (mm) EGARCH 99.3902 0.007385
Crude Oil Production (barrels) * EGARCH 8.3233 7.8005 × 10−7 0.31
Mean Annual Crude Oil Prices ($ per barrel) EGARCH 61.5146 −0.0705
Hay Production (tons) * EGARCH 116.9502 −0.000039 0.33
Mean Annual Hay Prices ($ per tons) EGARCH 83.5743 0.0804
Mean Annual Range Conditions (%) EGARCH 89.5911 12.2472
Cattle Feed Sold (tons) GARCH 70.2113 −0.000033

* Model is significant at P ≤ 0.05.
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Figure 4. Time series plots of calf prices ($/45.4 kg) with mean annual temperature (◦C), crude oil
production (barrel), hay production (ton) in NM between 1973 and 2010.

Crude oil production was significantly related with mean annual calf prices (β = 7.8005 × 10−7)
and explained around 31% of its variation (Table 4). Crude oil production and mean annual calf prices
experienced a long-term declining trend during the 1973–2010 period (Figure 4). This result was
consistent with the findings from previous studies that suggested that crude oil production contributed
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to an increase of income of some ranchers [16] which may have allowed them to hold calves longer
until getting a good price and hence leading to increased calf prices.

Hay production was significantly linked with mean annual calf prices (β = −0.000039) and
explained about 33% of its variation (Table 4). In 1973, hay production was 1,093,300 tons and the
mean annual calf price was $125 per 45.4 Kg. In 2009, increased hay production to 1.384 million tons
was associated with a decrease in the mean annual calf price to $48.9 per 45.4 Kg—about a 60% drop
from the 1973 prices (Figure 4). In NM, the decline in rangeland productivity due to drought can
cause many ranchers to follow a strategy of reducing herds or selling calves early instead of feeding
them forage supplements—a process that can increase ranching expenses [12,13]. Therefore, cattle
liquidation operations especially during drought can be considered as the main reason for the decline
in mean annual calf prices. Similar to the behavior of beef cattle prices, an initial observation showed
that there was a cycle in calf prices of about 1–3 years of increase followed by decline for about 2–4
years. This observation requires additional analysis to support but it was out of the scope of this study.

This analysis showed that hay prices, precipitation, range conditions, cattle feed sold, and crude oil
prices were not able to explain the variation in calf prices (Table 4). These results were inconsistent with
previous findings that indicated that the cost of feed supplements and energy prices affect ranching
costs and livestock prices [16]. Ranchers do not necessarily affect (set) beef cattle and calf prices.
In addition, it is known that beef cattle and calf prices are not determined by traits of environment
alone. Consumers’ demand, supply, and interconnected regional and national economy are important
determinants that set some constraints on prices that ranchers have to consider while also accounting
for their associated ranching costs. Additional analysis will need to be conducted in the future to
understand the linkages between these factors and beef cattle and calf prices. Similarly, previous
studies suggested that favorable precipitation and forage conditions allowed ranchers to retain calves
longer, sell them as long yearlings [12,13], and increase calf prices.

4. A Perspective of Practical Applications

These findings could provide a perception and improved understanding about NM’s major
food production system—beef cattle. The study showed how these systems function during normal
conditions and highlighted its response and behavior under stresses from drought and economic
fluctuations. This analysis was conducted within the context of understanding NM’s food-energy-water
systems (FEWS) and to develop more resilient FEWS. This analysis identified the main variables (i.e.,
temperature, precipitation, range conditions, hay production and prices, and cattle feed sold) that have
a major role in describing beef cattle population as summarized in Table 5. The identified relationships
can directly support the development of an integrated FEWS that is responsive to environmental and
economic stresses. Such integrated system of systems will allow evaluation of NM’s FEWS which
currently is under increased pressure and guide efforts to enhance its resiliency. This pressure is
evident specially when considering that beef cattle production showed a declining trend since 1973 and
puts some doubt on the ability of this system to meet the increased demand for food due to population
growth if it continues to operate with the current management practices. New sustainable management
strategies will need to be developed to enhance the resiliency of NM’s FEWS and other similar regions.
This analysis showed that the combination of increased temperature and frequent droughts is one of
the major problems that affect rangeland livestock production systems. A group of researchers from
NM State University (NMSU) is currently developing a NM FEWS that will help in evaluating current,
and develop new, management strategies for resilient FEWS. One of the management strategies is
development of heat tolerant genetically adapted cattle breeds that can subsist in lean precipitation.
Members of this team are engaged in research with a heritage cattle breed, the Raramuri Criollo from
Mexico, with the goal of identifying a beef cattle breed that is better adapted to a progressively drier
and hotter Southwest as shown in [53,54].
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Table 5. Summary of the relationship between the predictors used in this study and beef cattle
production in NM 1.

Predictor
Beef Cattle
Population

(Head)

Calf
Population

(%)

Beef Cattle
Prices

($/45.4 kg)

Calf Prices
($/45.4 kg)

Mean Annual Temperature (◦C) (−) 0.77 * (−) 0.70 * (−) 0.79 * (−) 0.40 *
Mean Annual Precipitation (mm) (+) 0.74 *
Crude Oil Production (barrel) (−) 0.70 * (+) 0.62 * (+) 0.31 *
Mean Annual Crude Oil Prices ($/barrel)
Hay Production (ton) (+) 0.80 * (−) 0.03 *
Mean Annual Hay Prices ($/ton) (+) 0.80 *
Mean Annual Range Conditions (%) (+) 0.53 *
Cattle Feed Sold (ton) (−) 0.72 * (+) 0.78 *
1 Relationship either positive relationship (+) or negative relationship (−); * Represent R2 when the predictor is
significant at P ≤ 0.05.

5. Conclusions

This paper highlighted some relationships that can be used to describe the behavior of beef cattle
production systems including beef cattle population, calf production, and beef cattle prices, and calf
prices in response to environmental and economic factors that include precipitation, temperature,
prices and production of hay and crude oil, cattle feed sold, and range conditions in NM. The results
showed that all four variables, beef cattle population, calf population, and prices of beef cattle and calf,
experienced an overall declining trend since 1973. These declining trends can mainly be attributed
to increased mean annual temperatures. The analysis also showed that the decrease in hay prices
and production can lead to a decrease in beef cattle population. Crude oil production showed no
relationship with beef cattle population while crude oil production and cattle feed sold were negatively
correlated with calf population. The results also showed that increased (or improved) range conditions,
precipitation, and hay prices can lead to increased beef cattle prices. On the other hand, calf prices
were negatively correlated with hay production. Crude oil production was one of the variables that
contributed to increased prices of beef cattle and calf. This analysis also highlighted the need for
an in-depth evaluation of market conditions in terms of consumers’ demand and supply and their
relationships with beef cattle prices, analysis of the dynamics in beef demand during both normal and
drought conditions, and the need for the development of drought and heat stress tolerant genetically
adapted cattle breeds.
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The following historic prices of NM and US prices of beef cattle. These time series showed a
tendency of similar behavior and trend. This observation suggested that NM’s prices are reflective of,
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but not necessarily affect, the national economy. A further in-depth analysis is needed to highlight
this association.
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