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Abstract
In recent decades, there has been growing interest among farming and scientiﬁc communities toward integrated crop–
range–livestock farming because of evidence of increased crop production, soil health, environmental services and
resilience to increased climatic variability. This paper reviews studies on existing cropping systems and integrated crop–
range–livestock systems across the USA which are relevant in the context of summarizing opportunities and challenges
associated with implementing long-term crop–range–livestock systems research in the highly variable environment of the
central High Plains. With precipitation ranging from 305 to 484 mm and uncertain irrigation water supply, this region is
especially vulnerable to changing moisture and temperature patterns. The results of our review indicate that diverse crop
rotations, reduced soil disturbance and integrated crop–livestock systems could increase economic returns and
agroecosystem resilience. Integrating agricultural system components to acquire unique beneﬁts from small- to mediumsized operations, however, is a challenging task. This is because assessment and identiﬁcation of suitable farming systems,
selection of the most efﬁcient integration scheme, and pinpointing the best management practices are crucial for
successful integration of components. Effective integration requires development of evaluation criteria that incorporate
the efﬁciency of approaches under consideration and their interactions. Therefore, establishing the basis for more
sustainable farming systems in the central High Plains relies on both long-term agricultural systems research and
evaluation of short-term dynamics of individual components.
Key words: central High Plains, crop–range–livestock system, interdisciplinary long-term experiments, production approaches,
irrigated cropping systems

Introduction
Escalating prices of agricultural commodities and increasing climatic variability are pressing producers
to adopt agricultural systems that meet food and ﬁber
requirements and are economically and ecologically
resilient1. Semi-arid agro-ecosystems near the lower limit
of rain-fed crop production are especially vulnerable to
changes in climate, input costs and prices, yet they cover
vast areas of the western USA and the world. Integrated
crop–livestock farming can optimize use of available
resources by increasing the diversity of crops grown,
while minimizing economic risks and negative environmental effects of more specialized systems2. In many other
regions, long-term systems-focused research shows positive results from diverse, integrated farming systems that
are risk-averse and resilient3. Therefore, whole-system,

integrated research may become increasingly valuable
to facilitate adaptation to changing climatic and economic conditions in the landscapes of mixed rangelands, crops and forages of the central High Plains,
including parts of Wyoming, Nebraska and Colorado4
(Fig. 1).
Long-term agricultural systems research can reveal
relationships among economic, social and biological
parameters at the core of landscape-scale environmental
problems, such as erosion, pollution, and habitat loss5,
while also indicating economic viability of alternative,
lower impact or value-added production approaches. To
accomplish this, systems research requires broad frames of
reference that integrate crop, range, livestock and other
production components over at least one rotation period.
But the most meaningful information about agricultural
system resiliency and economic viability comes from very
© Cambridge University Press 2012
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Figure 1. Long-term average temperature (lines) and precipitation (bars) in the central High Plains4,6.

long-term projects in which technologies change to reﬂect
changing production practices, and in which short-term
research on particular innovations is often embedded.
Moreover, such long-term systems research projects
provide excellent settings for integrating multiple scientiﬁc
objectives with education, and extension that truly
engages producers, researchers and educators3.
As concerns about a globalizing food economy, a
warming climate, emerging pest and disease problems,
human health and the environment, and the quality of life
in rural areas converge7, a consistent, multivariate
evaluation system that makes the most of long-term
research becomes ever more crucial. Although multidisciplinary in approach, the results of systems research
are not often evaluated in terms of economic and
ecological efﬁciency and interrelationships among system
components8 as individual researchers rush to publish
results in their own disciplines. Our objective for this
review was to develop an inventory of knowledge about
agricultural systems management gained from long-term,
integrated research, especially as it pertains to three broad
production approaches toward management of crop–
range–livestock systems in the central High Plains Major

Land Resource Area4: conventional or typical management, reduced-input management, and certiﬁed organic
management. We discuss the need, not only for interdisciplinary project implementation and data collection
but also for integrated, multivariate data analysis so that
system-level conclusions can be drawn about sustainability and economic proﬁtability.

Study Approach
To establish an understanding of knowledge gained from
systems-level agricultural research, we reviewed the
literature in peer-reviewed scientiﬁc journals reporting
results from long-term cropping systems or integrated
crop–range–livestock systems projects. We used key
words emphasizing components of conventional, reduced-input and certiﬁed organic production, long-term
farming systems in the USA, integrated crop–range–
livestock systems, central High Plains agriculture, agricultural system experiments, cropping systems studies in
the central High Plains, and crop and livestock components in both irrigated and dryland conditions.

Long-term farming systems research in the central High Plains
Agroecosystems of the central High Plains represent a
broad swath of the semi-arid Western USA, generally too
dry and cold for cultivation of many crops (Fig. 1). The
region is suitable for integrated crop–range–livestock
systems, often including irrigated rotations of alfalfa
(Medicago sativa L.) and commodity crops such as corn
(Zea mays L.), dry beans (Phaseolus vulgaris L.), sugar
beets (Beta vulgaris L.), and others, or dryland rotations
centered on winter wheat (Triticum aestivum L.) and often
including millet (Panicum spp.), sunﬂowers (Helianthus
annuus L.), corn and other grain crops; and rangelands for
summer forage.
Under conventional management typical in this region,
producers use inputs and technology as needed to maximize production. They rely chieﬂy on synthetic fertilizers
for soil-fertility renewal and on combinations of herbicides and tillage for weed control. For this paper, the
reduced-input approach is deﬁned as management that
offsets fertilizer use by building soil organic matter
(SOM), mainly through reduced disturbance. Weed
control in the reduced-input approach relies mostly on
herbicides in conjunction with herbicide-resistant crop
varieties. In the organic production approach, soil, crop
and livestock management are based on practices allowed
by the United States Department of Agriculture (USDA)
National Organic Program standards. Soil-fertility renewal relies on inputs of organic materials along with legumes
and cover crops in rotation. Weed control relies heavily on
tillage.
Research results from USDA-Agricultural Research
Service9 stations in the central High Plains are a main
source of literature in this review. To develop wider
understanding of the components of integrated farming
systems research, including statistical approaches used to
interpret results, we also reviewed research activities and
results from the Wisconsin Integrated Cropping Systems
Trial (WICST), the Long-Term Research on Agricultural
Systems (LTRAS) and Sustainable Agriculture Farming
System (SAFS) trials in California, the Center for
Environmental Farming Systems (CEFS) in North
Carolina, and other relevant studies (Table 1)10–42.

Review of System Components
Irrigated cash crop production
Conversion of dry croplands to irrigated production in the
central High Plains in the past 150 years43 diversiﬁed
opportunities to incorporate a variety of crop rotations,
many of which include annual and perennial forages.
There is little research, however, that reports on the
relative efﬁciency of conventional, reduced-input and
certiﬁed organic production approaches in irrigated
systems of the central High Plains. Systems research in
irrigated or rain-fed rotations has been documented from
the WICST in Wisconsin, the LTRAS and SAFS trials in
California, and other projects in California, Colorado,
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Iowa and North Carolina. Within these systems research
frameworks, experiments on long-term agronomic and
economic sustainability revealed that alternative production strategies such as minimum-till, no-till and
organic farming are more efﬁcient than, or at least as
efﬁcient as, conventional practices, especially, in terms
of crop production and soil-quality improvement
(e.g.,16,20,22,23,30,32,33).
Cropping system experiments indicate that crop
rotations and reduced tillage increase soil organic carbon
(SOC) stocks and augment SOC sequestration22,32,34,35. In
most cases, researchers found higher SOC contents in
surface layers of soils under no-tillage systems than soils
under standard tillage practices. Higher SOC contents
were attributed to changes in the size of microbial communities32 along with C inputs from crop residues27.
Reganold et al.34 reported more soil N, greater microbial
biomass, activity and diversity in organically managed
soils than conventionally managed soils. In organic and
reduced-input systems, alternative soil-fertility inputs
such as legumes and organic manures supplied N
sufﬁcient to produce yields equivalent to those from
conventional systems. However, the timing of N release
from organic sources in alternative production systems
was different than timing of N release from chemical
sources30. Alternative management approaches coupled
with the application of slow-release N fertilizer are
efﬁcient in mitigating greenhouse gas (GHG) emissions
from irrigated rotations. For instance, Halvorson et al.28
found that soils under conventionally tilled corn in eastern
Colorado fertilized with standard urea or a polymercoated enhanced efﬁciency urea product emitted equivalent amounts of nitrous oxide (N2O), while soils under
no-till corn emitted 49% less N2O when fertilized with
polymer-coated urea than standard urea.
Systems research results show that no-tillage and
organic approaches not only improve soil quality and
environmental parameters, but also have comparable or
higher yields than the conventional production approach.
Comparable or higher yields of forage and grains have
been observed in organic plots compared to the conventional plots21,30,33, with the only constraints on
organic33,44 and reduced-input20 approaches of crop production being increased weeds, insect pests and diseases.
High costs of equipment and facilities for higher
productivity are characteristic of irrigated systems, and
are even more pronounced in organic and reduced-input
approaches because weed and insect pest management are
more difﬁcult than in conventional production. Soils
beneath organic and reduced-input management practices
typically have higher microbial biomass and activity16,34,
leading to the possibility of developing opportunistic
beneﬁcial or pathogenic associations and, therefore, more
frequent disease outbreak if the ecological balance in the
soil system changes. Yield reduction and economic loss
due to weeds, insect pests and diseases, however, were
negligible in organic corn–soybean–oat–alfalfa rotations
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Table 1. Production systems, major focus and evaluation (statistical analysis) approaches for existing long-term and short-term
integrated farming system studies in North America.
System
No-till crop rotations
Range land and livestock system
Mixed grass prairie
Cropping sequences
Tillage systems, crop rotations
and other fertility inputs
Soil and crop management
Crop rotations
Soil-fertility amendments
Crop rotations
Cropping systems and
management approaches
Crop rotations transitioning
to organic
Cropping systems and
management approaches
Cropping systems
Crop–livestock system
Crop–livestock integrated
system—tillage and rotations
Crop–livestock integrated
system—tillage and rotations
Tillage, cropping system
and N fertilization
Tillage cropping system
and N fertilization
Livestock grazing

Alternative management
systems
Crop rotations and water
supply
Cropping systems
Tillage and cropping
system
Cropping systems
Crop production systems
Alfalfa and other crops
Tillage and cropping
sequences
Tillage and crop rotations
Livestock stocking densities
Cropping systems/intensities
Crop–livestock system
Crop rotations and fertility
inputs
1

Research focus

Analysis1

Years

Location

Reference

Long-term productivity and water
use efﬁciency
Forage and cow–calf production
Forage production
Crop yield and SOM
Short-term change in SOM and
other soil-quality parameters
Soil microbial community
Crop yield and protein content
Crop yield, soil microbes and
plant diseases
Crop yield and SOM
Agronomic, economic and
environmental effects of
pest management
Soil fertility, crop yield and
pest population
Annual dynamics of SOC

Model + Univar

12

CO

10

Model + Univar
Model + Univar
Univar
Univar

5
18
> 100
2

CO
WY
IL
NC

11
12
13,14
15

Univar
Univar
Univar

7
11
10

NC
Canada
NC

16

Univar
Univar

24
8

Canada
CA

19

Univar

4

IA

21

Univar

12

CA

22

Nematode dynamics
Crop and livestock production,
quality, and economics
Soil physical properties

Univar
Univar

5
4

CA
GA

23

Univar

4

GA

25

SOM dynamics
(different fractions)
SOC sequestration

Univar

3

GA

26

Univar

12

ND

27

N2O emission, soil mineral N

Univar

2

CO

28

Environmental effects, i.e. nitrate
leaching and emission to
the atmosphere
N use efﬁciency and
environmental impacts
Yield and economics of
production
Change in SOM
Soil properties, microbial
dynamics, plant biomass
and crop productivity
Crop production and weeds
Soil quality and crop quality
Soil quality and environmental
contamination
N cycling

Univar

3

CA

29

Univar

9

CA

30

Univar

2

CO, NE

31

21
2

NE
CA

8

Univar
Univar
Univar

58
55
3

WI
CA
ND

33

Univar

21

MT

37

C sequestration and greenhouse
gas emission
Livestock grazing pressure index
and animal performance
SOC and total N
Yield and quality (protein and
phosphorus)
Crop yield and grain protein
content, SOM, plant diseases,
economics

Univar

1, 5

MT, ND

38

Model

–

39

Univar
Univar

12
4

ND, KS, CO,
WY, SD, OK
CO
ND

Univar

18

Canada

42

Univar
Univar + MultVar

Univar, univariate statistical approach; MultVar, multivariate statistical approach.

17
18

20

24

32

34,35
36

40
41
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as compared to conventional rotations21. Similarly, higher nematode and arthropod populations, as well as more
disease-causing organisms, observed in alternative production approaches did not negatively affect yield or farm
income20. These positive effects might be because highly
diverse microbial communities interact through complex
food webs to support better growth and productivity of
crops compared to the limited microbial diversity in
conventional systems. Increased microbial diversity in
soils may beneﬁt crops as a result of (i) teamwork between
plant-growth-promoting rhizobacteria and Rhizobium for
improving N2 ﬁxation; (ii) microbial antagonism for
control of plant pathogenic micro-organisms; and (iii)
interactions between rhizosphere microbes and arbuscular
mycorrhizal fungi to establish a functional mycorrhizosphere45, all of which ultimately enhance sustainability of
agroecosystems.
Transitioning to organic and reduced-input management, however, might affect productivity, and thereby
short-term proﬁtability. As the soil environment and
microbial processes need to adjust to altered farm inputs
and management practices, some researchers have determined that it takes at least 4 years to obtain comparable
yields from the alternative management practices21,46.
Similarly, sugar beet is the basis of proﬁtability on many
farms in central High Plains region because its high value
offsets high cost of irrigation, but there is currently no
market that offers premium prices for certiﬁed organic
sugar beets. These barriers can thwart transition to alternative management, but they also underscore the need for
research into complex, system-scale interactions13,14.

Integrating livestock in crop production
In central High Plains integrated crop–livestock production systems, maintenance of stock–cow herds for
annual production of beef feeder calves for sale to feed lots
is the most prevalent practice47. Irrigated land produces
forage for stock–cow herds that produce calves for sale in
the fall and utilize rangelands for summer grazing.
Backgrounding, or feeding grain plus corn silage and/or
alfalfa hay for several weeks after weaning, is a common
practice on farms with irrigated grain/forage crop rotations. Cattle typically utilize cover crops in spring before
turnout on rangelands, and forage and grain stubble,
supplemented with hay or silage, in the fall and winter.
Integrating livestock into cropping systems beneﬁts agroecosystems through positive effects on soil
quality, crop production and environmental services.
Integrated crop–livestock system studies across the
USA6,15,18,24,36,48–51 show that integrated production
systems beneﬁt producers by (i) more efﬁciently utilizing
farm resources, (ii) exploiting natural pest control
processes and/or decreasing the need for synthetic
pesticides, (iii) reducing the amount of chemical fertilizer
per unit land and minimizing the consequent environmental risks, and (iv) improving soil quality and
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productivity. For example, comparing tillage systems
that included grazing stubbles, Franzluebbers and
Stuedemann26 reported that grazing on no-till croplands
increased soil microbial biomass up to 8%, positively
affecting nutrient cycling processes and increasing protection of SOC within soil aggregates. In addition, livestockbased systems increase soil biodiversity, reducing occurrence of soil-borne diseases18,52. Larger populations of
higher trophic level organisms, including macro-fauna
such as tunneling dung beetle [Onthophagus gazella
(Fabricius) and Onthophagus taurus (Schreber)], mix
crop residues with soil53. Increased diversity of soil
organisms may also contribute to higher productivity by
enhancing mineralization of nutrients from organic
resources and increasing the resiliency of agroecological
functions and processes (e.g., against drought)54.
Studies reviewed for this paper consistently show
signiﬁcant beneﬁts of integrating livestock in cropping
systems (Table 2), especially in terms of SOC and total
soil nitrogen (TSN) enrichment in surface soils. Overall,
soils under crop–livestock integrated management had
17.9 ± 9.4% higher SOC and 12.0 ± 4.9% higher TSN than
soils under conventional, specialized cash-crop production21,22,40,55,56; although rates of accumulation varied
with geographic location, temperature and precipitation.
Similarly, there was 16.6 ± 0.4% increase in grain yield21,41
and up to 70.2% increase in stover yield40 when livestock
were part of the system compared to crop-only production
systems. The crop–livestock integrated treatments include
a range of practices, from in-ﬁeld livestock grazing to
forage production without direct livestock impact. In
grazed versus non-grazed treatments, grazing intensity
has a strong inﬂuence on soil quality56. Moreover, integrated treatments responded more effectively to SOC and
TSN accrual in the central High Plains than in the
southern High Plains and southern Piedmont USA, likely
due to lower mean annual soil temperature and slower
SOM turnover rates. Soil organic C and TSN decreased
by 6% and 1%, respectively, following 2 years of livestock
grazing on Cecil sandy loam and sandy clay loam
soils with moderately acidic (pH 6) soil conditions of
Georgia26. This decrease in SOC, although statistically
insigniﬁcant, might be due to the relatively short time
period of the study, a relatively warm (16.5°C mean
annual temperature) and moist (1250 mm mean annual
precipitation) environment, or high livestock pressure
(90% of available forage was consumed in grazed ﬁelds).
Grain yield decreased by 11% and total aboveground
biomass production by 38.4% after these grazing intensity
treatments26,55. Studies including grazing treatments
where SOC, TSN and crop yield responded positively to
the livestock-integrated treatment occurred in cooler,
drier climates than that of Georgia, and alternative
production approaches were evaluated for more than 2
years55,56. Moreover, biomass production from pasture
varied with grazing intensity: moderate grazing pressure
decreased forage yield by only 8.0% compared to
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Table 2. Effect of livestock-integrated treatments on SOC, nitrogen and crop performance in different ecosystems across the USA.
Response
Sample
depth
(cm)

Description of the
treatments

Ref.

− 6.9
− 1.5
− 11.0

1

24–26

45.9
4.0
4.9

+ 3.3
+ 7.4
+ 16.3

Four-year rotation
(organic grain +
forage) versus
conventional corn
soybean rotation

21

12.8
1.2
2.9

10.6
1.0
1.7

+ 20.8
+ 18.6
+ 70.2

Continuous
grain + forage
production versus
conventional wheat
fallow rotation

40

SOC
TSN
Aboveground
biomass

58.3
4.8
0.8

48.0
4.3
1.3

+ 21.5
+ 12.4
− 38.4

Heavy grazed
mixed-grass
pasture versus
ungrazed control

55

SOC
TSN
Grain yield

25.6
2.3
1.7

22.2
2.1
1.4

+ 15.3
+ 9.5
+ 6.8

Straw or stover swath
grazed during
winter versus
ungrazed control

41,56

SOC2
TSN
Yield

11.3
–
–

8.8
–
–

+ 28.4
–
–

Four-year ﬁve-crop
rotation using
manure + legume/
grass cover crops
versus 2-year
conventional
rotation

22

Evaluation
Years parameters

Livestock
integrated

Location

Soil type

Watkinsville, GA

Sandy loam

0–30

3

SOC
TSN
Grain yield

Greenﬁeld, IA

Silty clay
loam

0–15

4

SOC
TSN
Grain yield

47.4
4.4
5.7

Eastern
Colorado

Fine loam

0–10

12

SOC
TSN
Stover yield

Cheyenne, WY

Sandy loam

0–30

11

Mandan, ND

Silty loam

0–7.5

9
4

Sacramento
Valley, CA

1
2

Loam

0–15

12

Crops
only

- - - -Mg ha− 1- - - 29.5
31.7
4.0
4.0
6.2
7.0

%
Change

Cover crop grazed
versus conventional
ungrazed system

SOC measured from 0 to 6 cm at the end of second year.
SOC in g kg− 1. Text stated that bulk density was equivalent but did not report bulk density or mass per area22.

ungrazed rotations, but SOC increased signiﬁcantly under
both moderately and heavily grazed conditions compared
to ungrazed rotations. The studies reported here indicate
that crop–livestock integrated systems support economic
and environmental sustainability of agriculture in the
central High Plains, but wide heterogeneity in evaluation
parameters, along with the limited number of studies that
make such comparisons, limit our ability to draw regionwide conclusions and indicate the need for systems
research.
Crop–range–livestock systems have been a research
priority not only because of their beneﬁts to the soil but
also because of their positive effects on crop productivity,
farm economy, and ultimately the sustainability and resiliency of farming systems. Integrating livestock in
cropping systems increases grain and forage production41,
and also positively affects yield of subsequent crops
(Table 2). For example, grazing forage crops rather than
allowing them to accumulate as surface residue was found

to increase dry matter production of succeeding crops in
rotation24. In a review, Franzluebbers50 demonstrated
that grazing cover crops may or may not increase crop
productivity, but does increase net farm income through
beneﬁts such as increasing livestock production and
increasing quality of cover crops. The practice beneﬁts
farmers and ranchers by increasing efﬁciency in grazing
and manure management, minimizing disease risk by
disrupting pest cycles, reducing pressure on natural
resources, reducing irrigation water use, increasing crop
diversity and diversifying income compared to systems
that do not include livestock57–59. Similarly, integrating
livestock in a wheat–sorghum–fallow rotation on clay
loam soils of northern Texas increased productivity of the
entire cropping system60. In California, removing livestock increased nitrate-N load in downstream spring-fed
wetlands29.
Despite the need for solid data on crop–livestock
integrated systems and their common occurrence on farms
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of the central High Plains, inclusion of livestock in longterm agricultural system studies is rare. This might be due
to logistical challenges associated with integrated research, which requires large areas, many animals,
considerable labor and substantial ﬁnancial resources.
Systems research also demands strong interdisciplinary
linkage and long-term funding commitments41,61,62. Such
integrated crop–livestock research is needed, however, in
order to improve understanding of environmental impacts
and economic trade-offs.
A crucial factor in crop–livestock systems is proper use
of nutrients contained in livestock manure for sustainability of concentrated animal feeding operations.
Research from other regions shows that continued application of manure nutrients in excess of crop requirements leads to nutrient accumulation, leaching and
negative environmental impact63. As small- and largescale animal feeding facilities become more common in
the central High Plains, research on manure utilization in
dryland and irrigated cropping systems is needed.
A second potentially negative impact of integrated
systems that include grazing of forage or crop regrowth,
is potential for trampling that can lead to hoof-induced
soil compaction39,64. Several researchers working in the
eastern USA have found that hoof-induced soil compaction
in integrated crop–livestock systems negatively affected
larger macroaggregates, penetration resistance and water
inﬁltration ability of soils, but did not affect productivity of
subsequent crops24–26,51. Consistent crop production with
or without animal grazing might be because addition of
SOM and augmentation of soil microbial activity facilitates
mineralization of nutrients and offsets negative effects of
compaction. Similar research is needed in irrigated crop–
livestock systems of the central High Plains.
An important environmental question about crop–
range–livestock systems that needs additional regional
research is their effect on C sequestration and their
potential to contribute to or mitigate GHG emissions and
related effects on climate forcing. Sainju et al.38,65,66 and
Halvorson et al.28 evaluated GHG emission from dryland
and irrigated rotations, respectively, and demonstrated
that reducing tillage intensity and increasing N use
efﬁciency help to minimize GHG emissions. Similar research is needed in crop–range–livestock systems, and also
in organic and reduced-input management systems, which
are becoming more prevalent throughout the USA67.
Evaluation of CO2 emissions during manufacture and
transport of fertilizer and inputs is important for systemslevel evaluation of environmental efﬁciency of cropping42
and crop–livestock systems. Liebig et al.68 emphasized the
fundamental role of livestock management in SOC
balance in fragile ecosystems of northwestern USA and
Canada. However, they found no data on C balance in
systems where livestock graze crop residues. They also
cautioned that increased N2O emissions from grazed or
manured lands, along with increased CH4 emission from
ruminant livestock, could offset lower net CO2 emissions
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from grasslands, possibly resulting in a negative balance
on GHG mitigation from integrated systems. Additional
systems research should address these questions to help
determine practices that optimize synergies in integrated
crop–livestock systems. However, maximizing the outputs
of such expensive and complex multi-factor systems
research requires the ability to evaluate short- and longterm economic and environmental trade-offs with respect
to both on-farm sustainability and off-farm ecosystem
services.

An Appropriate Evaluation Approach for
Agricultural Systems Research
In contrast to reductionistic approaches, research on
integrated crop–livestock systems requires evaluation
methods that consider all components and interactions,
and that draw system-level conclusions with respect to
production, environment and economics. Although some
agricultural systems studies have compared cropping
systems and management approaches in diverse
environments3,6,13,17,19–21,37,40, they typically focus on
speciﬁc components through reductionistic analyses
using univariate evaluation models. But this type of
reductionist evaluation system might be insufﬁcient to
fully tap information about farming system level problems, complexities, resiliencies and opportunities from
systems research projects. A multivariate evaluation
system would integrate crop and livestock performance
with economic and environmental efﬁciency variables on
whole-farm or agroecosystem scales69. Multivariate
approaches for whole-system evaluation could help to
deﬁne production, logistical, and environmental limitations and beneﬁts of integrated crop–livestock production systems50.
Several researchers10–12,70 have developed decision
support tools for evaluating sustainability of such
cropping systems in the central High Plains. Similarly,
the Great Plains Framework for Agricultural Resource
Management (GPFARM) forage growth model12 was
developed to predict stocking rates for both strategic
(long-term) and tactical (within-season) grazing management in northern mixed-grass prairies. Integrating cropping system models with forage and livestock production
models might provide opportunities to develop decision
support tools in integrated settings. Several other
studies39,71,72 have reviewed the performance of integrated
crop–livestock systems in the central High Plains and
revealed interactions among farming system and environmental components. For example, Hendrickson et al.71
evaluated the interaction among cropping systems and
environment in North Dakota, South Dakota, Nebraska
and Kansas, and was able to draw broad conclusions
about how environment shapes, and is shaped by,
integrated farming practices. In such studies, models are
mainly used as decision support tools for adjusting
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various parts of multicomponent systems. As such, they
are important for optimizing management activities, but
do not serve to evaluate system performance and
interactions among many different variables.
Performance of complex integrated agricultural systems can be evaluated through multivariate, multifunctional evaluation models that might maximize return
on investment in expensive and complicated long-term
systems research. Tanaka et al.72 presented a framework
for dynamic cropping systems that utilizes a variety of soil
and plant management practices with a diversity of crop
species to reduce risks of disease, weed and insect pest
outbreaks in the central High Plains. Reganold et al.34,35
evaluated productivity, economics and environmental
sustainability of apple production in Washington State
and strawberry production in California, and demonstrated the beneﬁts of using interdisciplinary methodologies that comprehensively and quantitatively compare
indices of crop performance and soil quality from multiple
farms, multiple varieties and soils, and multiple sampling
times. Robertson et al.3 called for creation of a national
network of long-term agricultural systems research
sites with standardized monitoring and multivariate
evaluation procedures across many agroecosystems. This
system would be modeled on the successful National
Science Foundation Long-Term Ecological Research
(LTER)73 network and could pool resources to optimize
information that could be realized from expensive
research efforts. Creation of such a network, along with
development of suitable statistical evaluation models to
evaluate existing long-term integrated experiments, could
raise our understanding of complex agricultural systems
just as the LTER network has elucidated many complex,
multifactor ecological questions.

R. Ghimire et al.
environmental services in integrated crop–range–livestock
systems77. Long-term integrated agricultural research
could support development of resilient systems in the context of pressing need for higher proﬁtability and stability
of farm income, growing concerns about environmental
change and increasing regulations49. Most of the holdings
in central High Plains are small to medium sized, with
annual sales of less than US $500,00049,78. Diverse,
integrated operations can reduce risk in the face of
increasingly unpredictable climate, prices and costs68,79.
Integrating livestock into cropping systems may represent an important option for crop production specialists
in the face of changing climate in the central High Plains,
as rising temperatures and limiting moisture shift the best
choice of crops toward perennial forages80. Soils of the
central High Plains region are regularly subjected to wind
erosion, and there is relatively little crop residue recycling.
Perennial forage crops, with deep roots and more efﬁcient
water and nutrient use, are better adapted than annual
crops to projected climate changes in this region. Systems
that include livestock include options such as cutting grain
early for use as forage if water runs short, weeds are too
prevalent, frosts force late planting, or other problems
affect grain development and maturity of crops. Similarly,
more efﬁcient feed and manure use reduces manure
oversupply through improved internal cycling of nutrients, ultimately reducing GHG emissions81. Eagle et al.82
discussed the potential of US agricultural lands to
mitigate GHG emissions through adoption of alternative
management options. Evaluation of GHG emissions are,
however, lacking from central High Plains agricultural
systems83.

Conclusions
Implementing Agricultural Systems
Research in the Central High Plains
Soil properties typically respond slowly to management
changes in the central High Plains because cool, dry
conditions limit rates of chemical and biological processes74,75, plant productivity and associated SOM processes50,75. West and Post76 indicated that improved
management practices such as reduced fallow, reduced
tillage intensity, increased crop diversity and application
of integrated agricultural practices support farmers by
improving economic and environmental sustainability.
While some of these practices show promise in the central
High Plains, relatively low productivity, harsh and highly
variable climate, and long distances to markets for both
inputs and products create unique challenges in this region. Integrated crop–livestock systems include promising
options to improve economic and environmental sustainability of central High Plains agroecosystems, but there
is much yet to learn to fully understand how management
of system components might improve efﬁciency and

In this review, we evaluated agricultural systems research
in the central High Plains and revealed distinct impacts of
alternative management practices that include reduced
tillage, certiﬁed organic management and integrating
livestock into cropping systems on SOC, nutrients and
crop production. Building of SOM, however, is a slow
process in this region because of the cool, dry climate and
limited biomass recycling74. In this scenario, implementing
integrated crop–livestock systems may represent an important option toward enhancing agricultural resiliency
in changing climatic and economic conditions. Most
interdisciplinary studies, however, focus on speciﬁc aspects rather than whole systems, and there is a need for
integrating productivity, proﬁtability and environmental
sustainability variables in a single evaluation frame in
order to effectively generate information toward enhancing the adaptability of farming systems. Similarly, there is
a need for a suitable multivariate evaluation system to
reveal primary variables that drive the strengths and
weaknesses of alternative production systems, especially in
the highly variable environment of the central High Plains.

Long-term farming systems research in the central High Plains
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