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ABSTRACT

An economic model was constructed to estimate profitability and relative

.

productivity of grain-fallow and grain-legume crop rotations in one-year,

six-year, 30-year and 100-year time frames in the Dark Brown soil zone of

western Canada. Five three-year crop rotations were employed in the

model, namely continuous wheat (WWW), wheat-wheat-fallow (WWF),

wheat-wheat-legume green manure (WWGM), wheat-wheat-grain legume

(WWL), and wheat-wheat-flex (WWFLEX), a variable legume grain /green

manure rotation based on soil moisture levels. Individual production

functions were developed for each rotation using agronomic research data

from the Scott Agriculture Research Farm and the Agri-Food Canada

Research Centre in Swift Current, Saskatchewan. By employing marginal

physical product and total physical product equations combined with profit

maximisation, a method was developed to show short- and long-term

changes in relative productivity and profitability resulting from adoption of

the individual rotations. The study found that legume-based rotations yield

significant long-term economic and productivity gains over WWW and

WWF cropping systems. However, a minimum of two cropping cycles (six

years) was required to achieve these gains; there was little economic benefit

to green manure rotations in the short-term.
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Chapter 1 Introduction

1.1 Introduction

The story is told of the time the first European took a plow to the
American prairie. As he went about his work, he was watched, from a

nearby rise, by a lone Cherokee on horseback. After a time, the farmer
stopped to rest, and the Indian rode down for a closer look. He
dismounted beside the plow and knelt to examine the furrow, putting his
hand into it to gauge its depth, examining the overturned sod, quietly
looking. He slowly remounted his horse, turned to the farmer, and said

"Wrong side up," and rode off (Friend, '1985).

Getting things "right side up" has become a concern for many western

Canadian producers using traditional grain/summerfallow cropping

schemes. Soil degradation and a heavy reliance on chemical nitrogen (N)

have produced a need for alternative cropping patterns which are more

sustainable and eco-friendly. Variable weather patterns and volatile markets

have also prompted producers to look for farming methods that give greater

opportunity for crop diversification, increased production potential and

decreased input costs, while conserving the soil resource (Zentner, 1992).

Adding annual legume green manure (ALGM), and variations thereof, to

cropping rotations has been promoted as a means to this end. A significant

amount of agronomic research has been carried out on the benefits of

growing legumes in cropping rotations (Table 4), but little is known about

the economics of annual legume green manure rotations over the longer

1



term. This study analyses the economics of including ALGM in traditional

wheat rotations over short, medium- and long-term scenarios.

1.2 Problem Situation

In the last 20 years, significant attention has been given to "alternative"

methods of producing agricultural products. One reason for this interest is

the desire to produce crops in a more "ecologically sound" manner, a

reflection of growing public concern about environmental degradation

(Goldstein and Young, 1987). Other contributing factors include rapid

population growth in less-developed nations and a decade of poor returns to

grain producers in the developed world, which have created an incentive to

raise production without increasing the use of expensive inputs

(Swaminathan and Sinha, 1986).

In both the developed and less-developed world, one of the main inputs in

the production of food crops is N fertilizer. Swaminathan and Sinha (1986)

cite levels of N fertilizer use in various nations, noting that in Denmark, as

much as 738 kg per ha is used on some farms. Even in India, where

fertilizer use began as late as 1950, use rates of N have increased from less

than a kg to more than 35 kg per ha. Prasad (quoted in Swaminathan and

Sinha, 1986) estimates that if present world population growth continues, by
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the year 2000 annual N consumption will total 234 million MT. This is the

equivalent of one billion barrels of crude oil, since N fertilizer is produced

from fossil fuels. Given the prevailing long-term trends in grain and oil

prices, the cost of fertilizer could become a very limiting factor to increased

food production (Dobbs et al., 1988).

Legumes such as peas and lentils have been used for centuries to generate N

in traditional cropping systems. In modern, high-input agriculture, however,

concern over production costs has limited the use of legume plow-down

(Granatstein, 1992). Although legume cover crops provide many agronomic

benefits in addition to their N-generating capacity, the extra capital costs of

growing a crop which generates no immediate economic return has

dissuaded most producers from employing such a system. Some concern

also exists as to whether the benefit of the N generated outweighs the loss of

soil moisture inherent in growth of a legume crop (Zentner et al., 1996). This

emphasizes the need for "water wise" green manure management

(Biederbeck and Bouman, 1994).

In western Canada, legumes are sometimes seeded as commercial crops in

areas with sufficient soil moisture. The portion of the prairie cropland

seeded to all types of legumes has risen from 3.6% in 1976 to 9.6% in 1994
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(Biederbeck et al., 1995). This increase is projected to continue, reaching 18%

of arable land by 2005 (Biederbeck et al., 1995) .

1.3 The Need for this Study

In recent years agronomists and proponents of "alternative" agriculture

have extolled the benefits of growing legumes (Green and Biederbeck, 1995).

Legume production, it is claimed, can reduce the need for fossil fuel-based

fertilizers (Subba Reddy et al., 1991; Bohlool et al., 1992) while improving the

soil's physical, chemical and biological properties (Biederbeck et al., 1998).

However, to date in-depth economic analysis has been lacking concerning

the true costs and benefits of legume production, particularly in a western

Canadian setting. Given the limited profit margins in prairie grain

production in the past decade, an accurate assessment of the short- and long

term benefits of legume production systems is essential if producers are to

seriously consider adopting this practice on a wide scale.

Therein arises the need for an appropriate computer model to assess changes

in agronomic practice and how they affect the economics of individual

producers over a series of timelines. In this case, the model will be applied

to a representative producer in a particular soil zone ofWestern Canada.
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1.4 Objective

This study employs an economic model to determine the validity of the

prairie farmer's common perception that there is little economic merit (i.e.,

no positive economic return) from the inclusion of legumes in cropping

rotations. Specifically, the model estimates profitability and relative

productivity of grain-fallow and grain-legume rotations over a series of

timelines in the Dark Brown soil zone of western Canada. The timelines

examined are as follows:

• short-term (one year)

• medium-term (two rotations cycles ...6-years)

• medium- to long-term (30-years)

• long-term (lOO-year)

In each cropping and time scenario, the following objective function was

assumed

where:
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NPV = the net present value

n = profit from one ha of a given rotation

T = number of years

k = real discount rate

t = terminal time

E = expectation operator

Previous studies of the economics of legume production have focused on

legume green manure plowdown (Pannel, 1993) and the risk and uncertainty

involved with including legumes in rotations (Weisensel and Schoney, 1989;

Seecharan et al., 1990). As in Weisensel and Schoney (1989), our model

includes production of legumes as a cash commodity to provide a more

complete picture of the costs and benefits of adding legumes to crop

rotations.

1.5 Outline

Chapter 2 examines the soil and agronomy aspects of legume production. It

also defines the terminology used to describe annual legume rotations, low
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input agriculture and ecologically sound conservation practices. The various

agronomic data bases used in this study are described.

.

Chapter 3 contains a review of the theoretical framework of the model. It

looks at the economic, risk and production related material used in the

model.

Chapter 4 examines the model components in detail. Specifically, it

examines control variables, state variables, profit functions, the production

function, and the methods by which the productivity index (change in land

state) was calculated. It also explains the timelines used.

The empirical estimations of the model are detailed in chapter 5. Data

sources, and how these data were employed in the dynamic equations, are

described. Profits and NPV are calculated for a representative one thousand

ha farm.

Chapter 6 provides results and interpretation. Yield and profit data are

presented for each rotation under each of the four timelines used in the

study. Graphical stochastic dominance is used to illustrate the benefits of

each rotation under the various timelines. Net present value are also shown,

for an analysis of the objective function.
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The study is summarized in chapter 7. The limitations of the methods used

and scope for further research are also discussed.



Chapter 2 Agronomic Framework

2.1 Introduction

A crop rotation is a planned sequence of crops grown in recurring
succession on the same area of land. In western Canada, crop rotation

effects on crop yields and productivity have received more attention from
researchers than any other topic. This interest exists not only because

crop rotation studies play an important role in ensuring optimum
productivity, but also because complex agronomic interactions are

intrinsic to these lengthy studies (Campbell et al., 1990).

The complex interactions which occur in crop rotations are the subject of the

model developed in this thesis. The simulation relies on agronomic studies

which have documented the effects of various crops and cropping practices

on soil quality and productivity. The following chapter investigates the

agronomic basis for many of the assumptions in our economic model.

The benefits of using legumes in cropping rotations have been explored by

numerous researchers in western Canada and elsewhere. Most of this

research has been conducted by soil scientists and focuses on the agronomic,

soil building aspects of legume production. Although the model focuses on

legumes and their effects on profitability, it must be remembered that every

production system is a complex package, with many interdependent factors

determining the overall economic return.
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2.2 Definition of Terms

As this study bridges three disciplines -- economics, plant science and soil

.

science -- some explanation of terms is warranted. Several of the concepts

that figure in the model have different connotations, depending on the

reader's area of interest. It is therefore prudent to explain the terminology

used in this thesis in its proper context.

The various terms are defined as they are frequently used in the literature,

and as they are used in this thesis. However, it should be noted that even

within a given discipline there is much debate as to precisely what a given

term denotes. Consequently, the definitions offered are by no means

absolute.

2.2.1 Alternative Agriculture

Since much of the research on the role of legumes in N production has been

conducted within the context of /Ialternative agriculture," a brief discussion

of the latter concept is warranted.

Alternative farming systems have been labeled organic, low input, reduced

input, sustainable and regenerative (Dobbs et al., 1988). The definitions

assigned to these terms vary widely. The 1987 Iowa Groundwater

Protection Act defines sustainable agriculture as "the appropriate use of

10



crop and livestock systems and agricultural inputs supporting those

activities which maintain economic and social viability while preserving the

high productivity and quality of [the] land" (Keeney 1990). However, this

definition, which is typical of many cited in the literature, could apply to

many conventional farms in North America and Europe.

In most alternative production systems, the emphasis has been on finding

replacements for "artificial" inputs (chemicals, pesticides, fungicides, and

chemical fertilizers). In low-input agriculture, legumes are included in the

crop rotation to increase the nutrient level of the soil and to help reduce

pests (Goldstein and Young, 1987; Daberkow and Reichelder, 1988).

In this thesis, the term alternative agriculture refers to production systems

which are not widely practiced nor considered the norm in the study region.

These systems typically employ such practices as legume plow-down and

minimal use of chemical fertilizers and pesticides in a more diversified and

rotationally-oriented production scheme
..

2.2.2 Biological Agriculture

"Biological agriculture, in fact, is not a cookbook definition -- chemicals
or no chemicals, manure or no manure -- and thus, much of the past
debate has been falsely focused. It is instead a sophisticated systems
approach to agriculture that emphasises optimisation at the level of the
agro-ecosystem rather than maximisation of single crops or system
components and that places primary emphasis on managing biotic
interactions in ways that maximise agro-ecosystem stability and
minimise demands for human and industrial inputs (Friend, 1985).
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Friend (1985) goes on to explain that practitioners of biological farming place

great emphasis on the vitality and health of the soil ecosystem. Biological

agriculture is not a return to the past, but a use of traditional methods in

partnership with modern methods. Legume-based rotations and the use of

green manure are among of these traditional methods being brought back

into the mainstream sustainable agriculture paradigm (Biederbeck et al.,

1995; Bohool et al., 1992; Friend, 1985).

2.2.3 Conventional Agriculture

"Conventional agriculture", like the definitions above, has as many

connotations as authors who would discuss it. In general terms it is thought

to be the benchmark against which other agriculture systems are compared.

For the purposes of this thesis, "conventional" systems are defined as

mainstream Saskatchewan grain operations (e.g. wheat-fallow, wheat-

wheat-fallow, etc).

2.2.4 Green Manure

Granatstein (1992) provides the following description of green manure:

A green manure refers to a crop grown for the sole purpose of soil incorporation
to improve fertility and physical conditions. The crop can be mechanically killed
and worked in, as with a plow, or killed. with a herbicide or frost and left as a

surface mulch. Termination of a green manure crop can be timed according to

several criteria, including maximum plant biomass or N content, minimum
water use, carbon-to-nitrogen ratio, or weediness.

12



In this thesis, green manure refers to lentil incorporated with a rotovator at

either the bud stage (early) or full bloom stage (late) of growth (Brandt 1996) .

.

2.3 Summerfallow and Soil Degradation

Much of the legume research which will be cited in this chapter was sparked

by the need to find viable alternatives to summerfallow in western Canada.

Though popular with producers for its short-term moisture-conserving

benefit, summerfallowing has been shown to cause a steady deterioration in

soil quality when used in the longer term (Weisensel, 1988; Weisensel and

Van Kooten, 1990). In determining the relative profitability of legume

production, it is important to take the negative effects of wheat-fallow

rotations into account. These effects are discussed below.

2.3.1 Yield and Organic Matter Effects

Campbell and Souster (1982) report losses of greater than 50% in soil N and

organic matter associated with the use of summerfallow on the prairies over

a 100-year period. The same study notes that more than 35% of the soil's

potentially mineralizable N fraction has been lost in this time period.

Biederbeck et al. (1984) found similar decreases in carbon and N levels (17%

losses after 15 years) in wheat-fallow compared to continuous wheat

rotations.
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In their work on sustainable production systems, Campbell et al. (1993)

found that

The rate of decline in yields of the unfertilised treatments was much

greater in the fallow-wheat-wheat system (-28 kg ha' yyl) 1 than in
continuous wheat (-11 kg ha' yyl) ... further evidence of the decline in

fertility of the unfertilised soils was seen in the lower soil organic matter
content and N supplying power of the fallow-containing system
compared to the continuous wheat.

During the 34-year term of the quoted study, the summerfallow rotation had

a 150% greater decrease in wheat yield than the continuous wheat rotation.

In the same period the fertilised rotations had similar changes, but of

different magnitudes. In the fertilised fallow rotation wheat yield increased

by 30 kg ha" yr", while in fertilised continuous wheat it increased 33 kg ha"

yr", a 10% greater improvement.

Townley-Smith et al. (1993) describes factors that contribute to soil

degradation in long-term summerfallow rotations. The principal factor is

tillage, which results in a reduction in soil aggregate size. Secondly, the

frequency of the tillage operations tends to reduce the residue cover, leaving

the soil susceptible to wind and water erosion.

1 Average slope of yield trend lines over time.
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The findings of various studies on summerfallow-related soil changes are

summarized in Table 1.

Table 1: Organic matter and yield decreases attributed to summerfallow

Component Decrease (%) Time Period % per Year Author

NandC 50 100 0.50 Campbell and Souster 1982

N 34 100 0.34 Campbell and Souster 1982

NandC 17 15 1.13 Campbell et al. 1990

Yield change 150 34 4.41 Campbell et al. 1993

Yield change 10 34 0.29 Campbell et al. 1993

NandC 17 33 0.51 Janzen 1987

NandC 13 33 0.40 Janzen 1987

N 25 43 0.58 Hill 1954

Organic matter 11 43 0.25 Hill 1954

0.93 Average-
Source: Campbell et al. 1993, Janzen 1987, and Hill 1954

2 This average is taken to show how a change in an attribute can be linked to LONGTERM

(Section 5.9.1).
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2.3.2 Profitability of Grain-Fallow Rotations

For the Dark Brown soil zone of Saskatchewan, Forsberg (1990) identifies

.

three state variables which have the greatest impact on a rotation's yield

function, and thus on the expected level of net return. These are:

• Total organic N content of the soil

• Available spring soil moisture

• Amount of expected rainfall

Although a summer of fallow will increase soil moisture significantly the

following spring (Campbell et al., 1990)� the steady erosion of soil Nand

organic carbon negates this benefit and produces progressively declining

returns (from higher input costs) over the longer term (Janzen 1987).

16
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Figure 1: Profitability of summerfallow

Figure 1 demonstrates why summerfallow remains a popular strategy for so

many prairie producers. As Biederbeck (1988) states:

In these days of falling grain prices and rising input costs many
producers have, in desperation, turned to more frequent
summerfallow as a means of surviving the tightening cost/price
squeeze.

Figure 1 also provides a graphical representation of how many producers

consider only the immediate short-term cost savings (increased profitability)

in their planning horizon. Focussed as they are on the initial, income-

boosting portion of the summerfallow productivity curve, they fail to

17



perceive that the future earnings potential of the land is steadily

deteriorating .

.

Brown (1987) compared wheat-fallow, wheat-wheat-fallow and wheat

wheat-wheat rotations and found that, although risk may be reduced by

summerfallowing, the expected return was not necessarily greatest with a

high summerfallow usage rotation. He also found that the higher the price

of wheat, the less the proportion of summerfallow in a rotation should be

considered.

2.4 Legume Production and Soil Quality

2.4.1 Legumes as Fertilizer

Legumes are suited to this role because of their unique ability to

symbiotically convert, in their root nodules, nitrogen gas from the air into

organic, plant-available forms. Since there is no direct financial return from

a green manure crop, the main short-term benefit comes from a reduction in

the need for chemical N fertilizer (i.e., reduced input costs) in the following

year. Different legumes fix different levels of N, and thereby provide

different benefits in terms of cost reduction. Levels of N production by

various types of legumes are shown in Table 1 (Green and Biederbeck, 1995).

18



Table 2: Fixation of N by species
LEGUME Kg(N) Ha-l Yr-l

Alfalfa 299

Sweetclover 249

Fababean 299

Field Pea 199

Lentil 150

Soybean 150

Chickpea 121

Dry bean 69

Source: Green and Biederbeck, 1995

Peoples and Craswell (1992). explain the variation in levels of N fixation (as

noted in Table 2) as a result of water supply, inoculation, crop rotation,

applications ofN-fertilizer, and soil N fertility.

Various studies have explored the fertility relationships ALGM and N levels

in the soil (Biederbeck et al., 1995; Stute and Posner, 1995; [ans-

Hammermeister et al., 1994). Biederbeck et al. (1995) studied four ALGM

crops and found that there were significant differences not only in the N

fixing (nodulation) but also organic matter contribution and soil

conservation. They found that the feedpea consistently out produced the

other three (chickling vetch, Tangier flatpea, and black lentil) as a green

manure crop. In an associated field study with l5N-labelled Tangier flatpea,
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black lentil and ammonium sulfate, Janzen et al. (1990) found that a

subsequent wheat crop recovered, on average, only 14% of the green manure

N compared with 36% of the fertilzer N. Conversely, the relative

contribution of the green manure to the organic pool in surface soil was

about twice that of the inorganic fertilizer; this suggests that annual legume

crops can be a significant source of N to subsequent crops in the rotation.

Jantzen et al. (1990), therefore concluded that the primary advantage of

green manuring may be the replenishment of stable organic N reserves

which are important for long-term soil productivity.

2.4.2 Other Legume-Related Soil Effects

In addition to their N-enhancing effects, legumes have been found to

increase productivity by improving soil structure, suppressing disease, and

releasing growth-promoting substances (Janzen and Schaalje, 1992; Wright,

1990; Green and Biederbeck 1995 ). Townley-Smith et al. (1993) note that, as

well as leaving appreciable levels of N in the soil for future crops, in certain

instances annual legume green manure (ALGM) provides an appreciable

improvement in soil organic matter.

A recent paper by Biederbeck et al. (1996) identifies in detail the soil benefits

accruing from legume green manure. In this study, 13 soil quality attributes
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are investigated and the changes occurring in each through different

cropping rotations are indexed. These attributes are as follows:

Table 3: Soil quality attributes

Soil Quality Attributes

Total N

Organic Carbon

C:NRatio

Wet Aggregate Stability

Wind Erodible Fraction

Dry Aggregate Stability

PotentiallyMineralizable N

Initial Potential rate ofNMineralization

Carbon mineralization

Light Fraction Dry Matter

Light Fraction Carbon

Light Fraction Nitrogen

Bulk Density
Source: Biederbeck et al. 1998

The indices were computed relative to the base treatment, a wheat-fallow

rotation. The authors found that, over a six-year period, the computed soil

quality index for continuous wheat was 18% greater than for wheat-fallow.
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The legume green manure-wheat systems provided still greater benefits: the

feed pea-wheat treatment improved the index by 19%; chickling vetch-wheat

23%; Tangier flat pea-wheat 24%, and the lentil-wheat treatment saw a 28%

increase. Though these indices cannot be directly translated to increases in

soil productivity, they do give an indication of the magnitude of soil changes

that can occur when legume green manure is included in rotations. As

described in Chapter 4, the work of Biederbeck et al. (1996) is used in our

model to modify the production functions for the legume-based rotations.

Although the agronomic benefits of legumes have been well established,

less attention has been paid to expressing these benefits in economic terms.

As in Townley-Smith et al. (1993), it seems reasonable to infer that increases

in soil N and organic matter will reduce production costs in subsequent

years. However, not all the N produced by legumes appears immediately,

but rather is gradually released over a period of years (Janzen et al., 1990).

Janzen and Schaalje (1992) also note that the soil-enhancing effects of

legumes are often not continuously observable. Consequently, legumes and

legume green manures may contribute more to long-term economic

sustainability than to immediate financial returns.
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2.5 Agronomic Database

The model developed in this thesis takes a systems approach to the analysis

of legume-based crop rotations. To ensure that the agronomic aspects of the

simulation closely approximate reality, the model equations are based on

actual yield and productivity data from research conducted on the Canadian

prairies during the past 15 years. Table 4 lists the research sources employed

in the model formulation.

Table 4: Sources of green manure research used in the model

Researcher Ag Canada Station Years

V. O. Biederbeck Swift Current, SK 1985 - 90

S. A. Brandt Scott, SK 1984 - 91

L. Townley -Smith Melfort, SK 1983 - 85

w. A. Rice Beaverlodge, AB 1989 - 94

G. W. Clayton Fort Vermillion, AB 1986 - 89

L. D. Bailey Brandon,MB 1985 - 92

Source: Zentner 1992

Yield and other data recorded in these trials were key to the development of

our empirical model. In particular, emphasis was placed on the work Brandt

at the Agriculture and Agri-Food Canada Research Farm at Scott,

Saskatchewan (the "Scott Farm").
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In his paper Alternatives to Summerfallow and Subsequent Wheat and Barley

Yield on a Dark Brown Soil (1996), Brandt compares lentil green manure and

field pea, lentil and wheat grown as grain with conventional summerfallow,

recording their impact on subsequent yields of wheat and barley. The data

emerging from this study were used to develop the production functions for

each of the rotations in our model. The experimental design and methods

used by Brandt are described below.

The study was conducted on a Dark Brown Chernozemic Weyburn loam soil

(Clayton and Ellis 1952) with an organic N content of 0.2% (0 to 15 em

depth) and a surface pH of 6.8 (paste method) located at the Scott

Experimental Farm in West-Central Saskatchewan. The seven year one

treatments consisted of growing Indianhead lentil as a green manure crop
incorporated at the bud (early) or full bloom (late) stage of growth, growing
field pea (cv. Trapper) or lentil (cv. Laird) as grain crops; conventional

summerfallow and wheat with or with out N fertilizer at 40 kg ha'. The

following year, (year 2) the entire plot was seeded to wheat (cv. Katepwa),
and in the final year (year 3) the main plots were subdivided into three

fertilizer plots of 0, 40, 80 kg ha' ofactual N and seeded to barley (hordeum
vulgare L.)

Treatments were of a randomized complete block design with four replicates
and a main plot size of 6.7 by 15 m. In each year during 1984 - 1988, a new
set of year one treatments were established adjacent to the preceding years
treatments, always on barley stubble. Normally two preceding tilllage
operations were performed on the barley stubble prior to seeding the year one
treatments both with a cultivator equiped with mounted tine harrows.
Similar preseeding operations were performed prior to seeding the year two
and year three treatments.

Green manure lentil was incorporated with a rotovator at either the bud

stage (early) orfull bloom (late) stage ofgrowth. Typically this occurred from
the 15-25 July and 25 July -10 August respectfully.
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Pea, lentil, wheat and barley yields were determined by harvesting a 1.2 m

wide strip through the centre of each plot or sub plot as was appropriate.
Remaining grain was harvested by conventional combine and residues were

returned to the plots from which they originated. Grain samples were

weighed and their volume weights, seed weights and protein contents

determined.

Soil water measurements, (gravimetric) at 0-15, 15-30, 30-45, 45-60, 60-90
em depth increments were made in fall on all plots of the year one treatment

and again in the spring just prior to seeding of the year two wheat crop.
Available soil Nand P205 measurements were made on soil depth increments

of 0-15, 15-30, and 30-60 cm on soil samples taken between 15 to 30 October
each year.

Daily precipitation and temperature measurements were made at a

meteorological site located 2 km away.
- Excerpted, with permission, from Brandt (1996)

2.6 Summary

Chapter 2 describes the agronomic basis for many of the assumptions and

equations used in the model.

An important aspect of legume production is the alternative it presents to

conventional grain-fallow rotations. Numerous studies have demonstrated

the deleterious effects of long-term summerfallowing on soil N, organic

matter and productivity. Campbell and Souster (1982) found a 50%

reduction in soil N and organic matter from summerfallowing of prairie

soils over a 100-year period. Nonetheless, summerfallow remains popular

25



among producers in the Brown and Dark Brown soil zones because of its

short-term moisture and economic benefits (Campbell, 1990) .

.

Legumes have been substituted for chemical fertilizer in alternative

production systems because of their ability to convert inorganic N from the

air into plant-available forms. Different legumes fix different amounts of N.

Legume production also improves soil structure, suppresses disease, and

releases growth promoting substances (Ianzen and Schaalje 1992).

Biederbeck et al. (1996) identified 13 soil quality attributes which were

enhanced by legume and green manure based rotations relative to wheat

fallow.

The agronomic basis of the model is research conducted by the Agriculture

and Agri-Pood Canada Research Centres within the last decade and a half.

In particular, the work of S.A. Brandt was used to develop the production

functions for each of the model rotations. A summary of Brandt's

experimental design and methods was provided in Section 2.4.
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Chapter 3 Theoretical Framework

3.1 Introduction

Chapter 2 described the agronomic literature on which many fundamental

elements of the model are based. In Chapter 3, the economic background of

the simulation is described.

3.2 Crop Rotations and Farm DecisionMaking

Campbell et al. (1990) identified the following economic factors considered

by producers inmaking cropping decisions:

• potential gross revenue

• costs of resources and services used in production

• levels of risk involved

• long-term effects on soil productivity and economic returns.

The above factors were assigned highest to lowest priority in the order

given. Long-term effects on the soil were granted the least consideration, if

any consideration at all (Campbell et al., 1990).
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Campbell et al.'s findings may explain why, in certain soil zones (Brown and

Dark Brown) of western Canada, summerfallow rotations are still used as a

method of reducing risk and increasing gross return. As described in

Chapter 2, the planning horizon of many producers fails to extend beyond

the immediate income-boosting period which follows the fallow year

(Biederbeck 1988). Consequently they fail to appreciate the long-term loss of

income which fallow rotations ultimately produce.

Many producers fail to consider legumes as alternatives to fallowing because

of the additional requirements necessary for success. Pannel (1993) lists the

following generalised factors which may playa role in this decision:

• Profit factors

• Dynamic factors

• Sustainability factors

• Risk factors

• Whole-farm factors

This study will focus on three of the above, namely profit, dynamic and risk

factors.

28



3.3 Profit Factors

Previously, researchers examining the effects of soil quality and soil N on

.

yields, and therefore on net income, have used transition matrices to

investigate the probabilities of outcomes (Chinthammit, 1988; Weisensel,

1988; Forsberg, 1990). Though these are useful in dynamic programming,

the sheer number of cell values in the matrices sometimes makes them

difficult to estimate, and therefore the accuracy of the model is subject to

debate.

This thesis uses Net Present Value (NPV) to quantify differences in the profit

outcomes of the various crop rotations under examination. The NPV

approach allows a current value to be placed on a future stream of incomes.

Such information is highly useful in determining a fair price for land, based

on its future earnings potential.

Erickson (1996) identifies three criteria for calculating NPV in an agricultural

situation. These are:

• Discount rate

• Price forecasting

• Projected annual net revenue

Use of these criteria in our model is described below.
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3.3.1 Discount Rate

The discount rate captures the time value of money, placing greater

. emphasis on nearby earnings relative to long-term returns (Zentner et al.,

1993). Weisensel et al. (1988) and Zentner et al. (1993) used a discount rate of

5% in determining the NPV of their models. In Erickson (1996), an 11%

discount rate (7% risk free rate + 4% risk premium) was used, with the risk

free rate based on one- and five-year risk ·free bond markets.

Present day bond rates are between 3% and 5% (Berg, 1996 - personal

communication). Using similar Bank of Canada riskl-free rates, the base

discount rate selected for this thesis was 4%.

3.3.2 Price Forecasting

To simplify the simulation, it was elected not to attempt price forecasting,

which introduces a high degree of uncertainty in the model outcomes.

Instead, the prices used in determining the returns for a given year are

drawn at random from a distribution developed in Sections 5.4.1 and 5.4.2.

This approach is similar to that of Weisensel and Schoney (1989), but differs

from that of Zentner et al. (1993), who used three fixed-price options.
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3.3.3 Projected Annual Net Revenue

The projected annual net revenue from each year is based on the returns

. generated through the model. The elements of net return are described in

detail in Chapter 5. The model revenue outcomes are shown in Chapter 6.

3.4 Dynamic Factors

The dynamic factors at work in this model (i.e. rainfall and impacts on soil

organic matter and fertility) are mostly agronomic in nature, and as such are

more fully described in the previous chapter.

3.5 Risk Factors and Uncertainty

It is well known that risk considerations may distort input usage and

output levels from competitive solutions under parameter certainty
(Robison and Barry, 1987).

The above statement is true for most producers considering a change in

farming practices. The model in this thesis operates under risk, therefore it

is important to consider farmer's risk-taking behaviour in the simulation,

and how to evaluate the outcomes of this behaviour.

Gray (1998) defines the three conditions of "uncertainty" under which this

economic behaviourmight take place:
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• Risk: The individual is unsure of what will happen, but knows the

distributions of probability of the different states (i.e., rainfall and price

distributions are known).

• Uncertainty: The distributions of states are not known. Decisions are
J

based on subjective probability.

• Instability: Ex post decisions are made based on random variables. No

uncertainty is present, but it may be optimal for government to

intervene.

Previously, when the economics and subsequent risk of a farm management

practice have been modelled and a variable (price, rainfall, etc.) has been

required, the mean has often been chosen to represent this needed value

(Zentner et a1., 19933). This gives us an "average look", but does not really

provide a true picture of the possible highs and lows, nor of the probability

of that value occurring (Le., its inherent riskiness).

The model developed in this thesis simulates uncertainty in income through

the use of means and standard deviations of price and moisture levels

3 In this thesis Zentner et al. uses the average cost approach but does use three levels of the

average (mean) price of wheat (high medium low). Zentner et al. also uses historical rainfall

probabilities in his model.

32



(snow, rainfall and soil moisture following various cropping rotations). The

magnitude of the standard deviation in each of these variables is thus

proportional to the associated risk. This approach to risk measurement was

confirmed by Schoney (1990)4, who uses a survey to evaluate supply

response under risk.

Schoney (1994) uses the mean and standard deviations of three different

pricing levels to estimate farm income and the resulting farm net worth. In

addition, Weisensel et al. (1988) employ means and standard deviations to

express the results (outcome) of a study of various crop rotations under risk.

Hanoch and Levy (1969) suggest that individual decision making among

alternative risky ventures may be a two-step process. First, the individual

must choose an efficient set among all portfolios, independent of his tastes or

preferences. Next he must apply his individual preferences to this set, in

order to choose the desired portfolio. The choices made are generally based

on the tradeoff between expected values (E) and the variance (V) of net

returns (Tew et al., 1982). If the E-V criteria cannot be properly applied, (i.e.

the returns are not normally distributed), then stochastic dominance is an

4 Schoney (1990) indicated that the participants in the survey noted that the standard
deviations (therefore implied risk) choices, of the initial survey were not significantly
different from each other. In subsequent surveys the standard deviation was increased to

imply greater risk and reward.
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alternative method of making for decisions under risk (Levy and Samat,

1990). Stochastic dominance provides a partial ordering of the distributions

of different means (Gray, 1998). A generalised explanation of stochastic

dominance follows.

Let Fx/(Z)be the i th integrand of Ix; (Z)

where:

Fx; (Z) is the cumulative density function (cdf) of Xl defined on the interval

(-00 ,Z)

fx, (Z) is the probability density function (pdf) of Xl defined on the interval

(-00 ,Z)

Fx
0
(Z) = Ix (Z)I I

Z

Then: FXII = IIxl(Z)dZ

Then Xl is first order stochastic dominant to X2 if and only if (iff):
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If Xjand X2 have very different variances, the cdf's (i.e. Figure 2) will

probably cross. In this case FSD cannot be used and it is necessary to use

second degree stochastic dominance.

Second degree stochastic dominance (SSD) of X, over X2 occurs iff:

z z

-00:::;; Z:::;; 00, I FXll (Z)dX:::;; I FX21(Z)dX, orFXI2(Z):::;; FX2 \Z)

Or is given when the area under Fxlis less than area under FX2 (Figure 2).

Figure 2: Second degree stochastic dominance

Source: Gray 1998

If this is true, then every risk-averse individual would prefer Xl to X2.
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3.6 Basis for the Production Function

A number of different production functions have been used to evaluate crop

responses to differing levels of inputs. Many authors have assumed that a

smooth quadratic function most closely approximates the production

response curve (Ackello-Ogutu et al., 1985; Berek and Helfand, 1990). The

lS0-year-old Von Liebig Production Function, a classic input-output model,

has recently been re-evaluated by economists (Ackello-Ogutu et al., 1985;

Paris and Knapp, 1989; Berek and Helfand, 1990). The Von Liebig Function,

sometimes called the Law of the Minimum, takes the following form:

In short, the Von Liebig Function suggests that plant growth, Y, is limited by

the minimum of one of the variables, N (nitrogen), P (phosphorus), K

(potassium), W (water), etc. The 0i'S require estimation, and u is a

disturbance term (Paris and Knapp, 1989). A major shortcoming of this

equation is that it does not allow for cross-substitution between inputs.

An equation which does accommodate input cross-substitution is the

Mitscherlich-Baule production function. This is based on the same

principles as the Von Liebig production function, although it was developed
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somewhat later. Since it can incorporate the effect of naturally-occurring

fertilizers present in the soil (Beattie 1985), the Mitscherlich-Baule function is

used in this thesis. It has the generalized" form:

where Yi is crop production, Bi represents the parameters to be estimated,

and Bo is the maximum level attainable for the crop being studied. The Q

parameters are that portion of the variables, Xi, that are inherent in the

system, i.e. Qn is the portion of N (Nj) that is found in the soil, etc. The Xi

variables are the inputs which are added during each production cycle.

Frank et al. (1990) in A Comparison ofAlternative Crop Response Models notes

that the Mitscherlich-Baule is appealing for several reasons:

• It has sufficient flexibility to accommodate limited factor substitution if

data and process warrant.

5Author's interpretation.
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• It imposes a growth plateau»

• When compared to the quadratic and the Von Liebig equations, it allows

a broader range of possibilities in terms of isoquant pattern and growth

plateau versus yield decline in model evaluation.

Weisensel et al. (1988) also use a modification of the Mitscherlich-Baule

equation, the Mitscherlich-Spillman function, to quantify the differences

between various flex cropping rotations in a study on relative risk.

3.7 Summary

Chapter 3 describes the economic concepts on which many aspects of the

model are based. The simulation focuses on profit and risk factors which

figure in a producer's decision to include legumes in cropping systems.

In modelling profit factors, the simulation uses NPV to quantify differences

in the profit outcomes of the various crop rotations under examination. As

described by Erickson (1996), three criteria are necessary for calculating NPV

6 In a perfect growing condition, the growth plateau is a more accurate depiction than the

peak and decline of the quadratic and other production functions (Dr. Rossnagel, personal
communication).
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in an agricultural setting: discount rate, price forecasting and projected

annual net revenue. The discount rate in the model is 4%, based on Bank of

Canada riskless rates. It was elected to draw prices at random from a

historical distribution, rather than complicating the model with a price

forecasting component. Annual net revenues are based on returns generated

by the model, as described in Chapters 5 and 6.

Since the model operates under risk, it is important to consider producers'

risk preferences. The simulation reflects uncertainty in income through the

use of means and standard deviations for price, snowfall, rainfall and soil

moisture. The magnitude of the standard deviation is thus proportional to

the associated risk for each variable. This approach has been employed by

Schoney (1990 and 1994) and Weisensel et al. (1988).

Stochastic dominance is an alternative method of choosing among, risky

options. As described by Gray (1998), it provides a partial ordering of the

distributions.

A number of different production functions have been used to evaluate crop

responses to differing levels of inputs. .Our model uses the Mitscherlich

Baule production function, which takes the generalized form:
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· where Y, is crop production, 15i represents the parameters to be estimated,

and 150 is the maximum level attainable for the crop being studied. The a

parameters are that portion of the variables, Xi, that are inherent in the

system, i.e.: On is the portion of N (Ni) that is found in the soil, etc. The Xi

variables are the inputs which are added during each production cycle.

As noted by Frank et al. (1990), the Mitscherlich-Baule equation can

accommodate limited factor substitution, imposes a growth plateau, and

allows a broad range of possibilities for isoquant patterns and growth

plateau versus yield decline in model evaluation. Thus, it provides an

appropriate basis for yield calculations in our model.
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Chapter 4 Model Formulation

4.1 Introduction

In this chapter, the various components of the model are examined and the

development of each is described. As will be seen, many elements are

significantly different from those of cropping simulations constructed by

researchers in the past.

Previous studies examining long-term rotations affecting the soil have

employed the Century and EPIC models (Lerohl, 1992). In Zentner (1993)

flex-cropping analysis is undertaken using NPV in a stochastic budgeting

framework. This thesis also uses a budgeting framework, but the yield

equations are dynamically modified to give an approximation of soil

changes and their inherent ability to alter yields without increasing the need

for external inputs.

4.2 Overall Design

The initial decision to be made in any study of the short- to long-term effects

of legume rotations is, what rotations to use. As described in the next

section, the model includes continuous-wheat, wheat-summerfallow, wheat

green manure, and wheat-cash legume rotations. A wheat-flex rotation, in
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which the farmer may opt to plow down the legume crop or harvest it for

sale, is also included .

.

A budgeting approach is used to determine the profitability of each

rotation. Rather than examining simple budgets from year to year, however,

the returns from each rotation are calculated by developing separate

mathematical functions for certain budget components. Cumulative profits

are thus determined through a profit function (the objective function).

The basic components of this profit function are, of course, costs and returns.

The model includes separate fixed and variable cost categories, which are

quantified and identified over time.

Returns are determined by price times yield. For purposes of this study,

price distributions were developed from actual prices received over the last

20 years (Saskatchewan Agriculture and Food, 1993). To simplify the model,

no attempt was made to forecast future prices or to make inflation

adjustments over time.
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Model Developement

Profit Function

Figure 3: Schematic representation of model

The overall scheme of the model is illustrated in Figure 3. As each

component is quantified (i.e., a distribution or fixed number identified), the

corresponding box is shaded, and the branch ends. Where the box has a

double border, an equation has been developed to quantify that segment.

To simulate yield, a production function was developed using agronomic

data from the Scott Experimental Farm (Section 2.5). State variables and

their components were identified and their effects on yield calculated. Based

on these components, a dynamic model was constructed to simulate the
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effects of legume production on overall yields over time. This model is

illustrated in Figure 4.

Profit

Return

Figure 4: Flow chart for yield modelling

The various components of the yield model and the overall simulation are

described in detail below.

4.3 Rotations

The use of Indianhead lentil as an annual legume green manure crop in

place of fallow in the Dark Brown soil zone has the potential of
revolutionalizing agriculture. However, the extent and rate of farmer
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acceptance will determine whether this potential is attained (Slinkard
and Biederbeck, 1987).

, Although many legumes are used in green manuring and legume cropping,

this study focuses on lentils. Lentils -- or, more specifically, black lentil of

the Indianhead variety -- were seeded in all experimental trials employed in

the study (Table 4). Wheat is used in the other two years of the crop-crop-

legume rotation. Wheat is the most widely planted cereal in Saskatchewan,

and thus a wheat-legume rotation represents a likely real-world scenario.

Limiting the non-legume portion to a single crop also helps to simplify the

model parameters.

The model includes five cropping rotation options, as follows:

• A monoculture wheat rotation i.e., wheat, wheat, fallow (WWF)

• A monoculture continuous wheat rotation (WWW)

• Legume plowdown in place of summerfallow i.e., wheat, wheat, green
manure (WWGM)

• A harvested legume in place of summerfallow i.e., wheat, wheat, cash

legume (WWL)

• A flexible legume rotation i.e., wheat, wheat , green manure or cash

legume (WWFLEX).

The various cropping options are illustrated in Figure 5.
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Figure 5: Rotation options

4.4 The Budget (Spreadsheet)

A basic budget is a common planning tool used by producers today. This

exercise indicates which options give the greatest return on investments in

production inputs, in a given year. The producer's goal is, of course, to

maximise his return from a given combination of factors. An individual

farmer can control the majority of his input costs, but has little control over

the price he receives and none at all over the amount of rainfall he can

expect.

The model for the short and medium-term outcomes was constructed on a

simple crop planning spreadsheet. A budgeting framework was employed
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within the abilities of the computer program @RISK7 to provide a complex

scenario base plan and outcome .

.

This model uses truncated" probability distributions for rainfall and for the

price of wheat and lentils. This approach allows mean and standard

deviations to be used to calculate the expected value for any given rotation.

Output from the @Risk program allows one to see different levels of

outcome (in this case - profits), as well as the probability that a given

outcome will occur.

In all timeline models, the profit function was estimated using an Excel 7.09

spreadsheet. The basic elements of the models are modified cash flow
,;

statements, as shown in Table 5.

7 Palisade Corporation. Newfield, New York. Version 3.5 March 1996.
8 Distributions were truncated at historical minimum and maximum levels. Additionally all
distributions were checked for normality and in all cases distributions were fitted as normal
in at least the second choice ("Best Fit." Palisade Corporation. Newfield, New York.).
9 Microsoft Corporation. Version 7.0,1997.
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Table 5: Model components

Component Form

Hectares

Soil moisture

Rainfall

Snowfall

SoilN

Yield

Price

Return per ha

Expenses

Variable

Fixed

Total

NetperHa

Net Return

fixed @ 1000

truncated normal distribution

truncated normal distribution

truncated normal distribution

truncated normal distribution

estimated production function

truncated normal distribution

Distribution (Yield * Price)

varies by rotation(changes for ProfitMaximisation)

varies by rotation

Distribution (Return per ha - Variable - Fixed)

Distribution (Net per ha * Hectares)

Source: Author

For each of the cells in the cash flow statement, the corresponding entry is

indicated. It should be noted that, in contrast to the typical method, a

probability distribution has been generated for certain cells, rather than
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using means to establish an average. The result is then not a single average

net return, but a distribution of net returns.

4.5 Profitability

Using the objective function

TI=P*Y -C(Y)

at any time period T we need to know TI (our profit).

and to generate our profit we need to know the yield of each rotation and its

related cost function.

4.6 The Production Function

The pillars of the model are the production functions that are estimated from

the given field trial data. Although data were available from several

different field study sites (see Table 4), to simplify the model a single

representative site (i.e., Scott in the Dark Brown soil zone) was selected for
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use in developing the equations. As the production functions are crucial to

the model, a careful explanation of their method of estimation is warranted.

The various cropping options are shown in Table 6. Data from the Scott

Experimental Farm were used to estimate the Mitscherlich-Baule production

function for each different rotation. These production functions, in

conjunction with distributions of precipitation and prices, were then used to

generate yields and returns under each of the four timelines.

Table 6: Cropping rotations

Crop Rotation

wheat - wheat - grain legume (WWL)*

wheat - wheat - flex (WWFLEX)*

wheat - wheat - green manure (WWGM) *

wheat - wheat - fallow (WWF)

wheat - wheat - wheat (WWW)

Source: Author

* In all cases the legume modelled is the black lentil C.v. Indianhead.

An interesting feature of the Mitscherlich-Baule production function is that,

to achieve the maximum yield iSo, each of the portions of the equation

exp(.8i({li -x.» must at some time equal zero, which is technically undefined. It

therefore must be assumed that the maximum cannot be reached.
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In the two-variable situation, the production function is:

the first-order conditions are:

with second-order derivatives

Thus, the elasticity of substitution (X, for �) is given by:

a = Y;[JxtX1 + Jx2X2]
X1X2[2JxtJx2 + f32Y;Jx1 + f31Yfx2]
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One disadvantage of using the Mitscherlich-Baule production function is

that it cannot be estimated in a linear framework. Consequently, in

determining the empirical yield equations for our model, non-linear

regressions must be used.

If the model is intrinsically non-linear, it should not be possible to transform

it into a linear function. If we look at the following function:

y= e'x + E

The equation at first appears to be nonlinear. However, if we set

we now have a linear equation of the form

Y = B'x + E

which can be estimated using ordinary least squares. Unfortunately, when

employing the functional form of the Mitscherlich-Baule equation, we do not

have the luxury of transforming it into a linear function.

In non-linear regressions, as in linear ones, our goal is to estimate a

parameter that minimizes the value of the sum squared residuals. However,

in the present case the solution may not be closed. Alternative methods of

estimation must therefore be used, as there may be local rather than global

minimums and maximums.
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We must solve for these values iteratively. Several algorithms are available

for this purpose (for example, SPSS Advanced Statistics 6.1, SPSS Inc. 1994;

Judge et al., 1988).

4.7 Timelines

4.7.1 Short and Medium-termModels

For the short-term timeline, a simple one-year budget was constructed for

each of the five possible cropping alternatives. Regional means for moisture

and precipitation (Saskatchewan Agriculture and Food, 1993) and their

associated probabilities were used to develop yields and returns from the

various crop rotations.

The medium-term model represents six years or two cycles of a three-year

crop rotation. A portion of the model depends upon a spring cropping

decision based on soil moisture. If the amount of spring soil moisture is

greater than the mean, the decision is made to follow through with a cash

legume crop instead of plowdown for green manuring. The options for

decisiorunaking are shown in Table 7.

In the model, yields from all timelines are targeted to be profit maximizing.

In short, this means that prices and costs are identified and the use of each
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input is adjusted until the marginal revenue from the additional output

produced equals the marginal cost of an additional unit of input.

Table 7: Cropping decisions in medium- and long-term models

Cropping Rotation Cropping Decision

WWL no decision

WWFLEX soil moisture decision

WWGM no decision

WWF no decision

www no decision

Source: Author

In all scenarios, the following objective function is employed:

r�T II l
Max(NPV) = El""'1 (1+ �y J

Where:

NPV = net present value

n = yearly profit from one ha of a given rotation

T = number of years
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k = discount rate

Further:

n = p * Y - C(Y)

where:

Y = ,80[1- exp(-J31 (�+xl))][l_ exp(-J32(!l2+X2))]

. In these simulations, a scenario in which no N is added is compared to the

profit-maximising levels of N usage. Thus, C(Y) becomes a fixed cost in the

no-N simulations and a variable cost in the profit-maximising scenarios.

For each year of the simulation, winter snowfall is drawn at random from a

truncated normal distribution. Soil moisture levels for the following spring

are also randomly drawn (different distributions depending on the previous

year's crop), and correlated to the previous winter snowfall. Similarly,

rainfall is generated by draws from a truncated normal distribution of rain.

These probability distributions are based on 52 years of weather data from

the weather station at the Scott Experimental Farm. The distribution is

truncated at the minimum and maximum rainfall and snowfall levels that

occurred within the data set. Truncation was used to exclude any abnormal

draws that might otherwise occur (such as a negative level of rain) when

sampling from normal distributions with historical means and standard

deviations.
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As with precipitation and soil moisture, soil N is drawn from a truncated

normal distribution correlated to the crop grown in the previous year and

the amount of rainfall received during that season.

4.7.2 Medium- Long-term Model

The medium- long-term model consists of 30 crop years (i.e.: 10 rotation

cycles), representing a possible inter-generational timeline. This model is an

extension of the 6-year timeline. The land productivity factor (LONGTERM),

a long-term yield adjustment factor which reflects changes in the inherent

productivity of the soil (see Section 4.9.1), is introduced to the simulation at

this point. LONGTERM modifies the production function for each rotation

within the timeline.

4.7.3 Long-term (IOO-years)

The long-term model consists of 100-years (i.e., 33 1/3 cycles) of each

cropping rotation. As in the medium- long-term model, the land

productivity factor (see Section 4.9.1) is included in the production function

for each crop rotation in the timeline.
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4.8 State Variables

For this model of the Dark Brown soil zone of Saskatchewan, the following
.

three state variables are considered:

1. Moisture (total of spring soil moisture and expected rainfall)

2. Land (ability of the land to retain and use available N and water)

3. Soil N (portion of the soil organic N available to the plant)

The moisture state also enters as the decision variable in the WWFLEX

rotations, where it is used to determine whether the legume crop will be

used for green manure or harvested for cash.

Definitions of the state variables are shown below.

4.8.1 Moisture

The moisture state is defined as follows:

where

YI-l = Yield of the crop in the previous year

Soil moisture in the previous year=
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= Rainfall (truncated normal distribution)

Snowfall (truncated normal distribution)=

4.8.2 Land

The Land state is defined as:

where

= Land in previous year

Cropping decision in previous year=

A unique feature of the model is the modification of the land state by the

land productivity factor, LONGTERM. This factor, which reflects long-term

changes in soil productivity brought about by legume production, is

described in Section 4.9.3

4.8.3 Soil N

The soil N state is defined as:

N = f(rt-l.Yt-l,Nt-J

where

= Cropping decision in previous year
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Yield in previous year

N state in previous year

·4.9 Soil QualityModifications of the Production Function

The WWW rotation provides the base (unmodified) production function for

the model. This convention is in keeping with recent research findings

(Brandt, 1996; Biederbeck et al., 1998) which indicate that a wheat

monoculture may be more conducive to soil health than has previously been

believed. To account for the beneficial effects of legumes on soil quality, the

WWGM, WWL and WWFLEX production functions are modified by the

Land Productivity Factor (shown as LONGTERM in the equations [Section

4.9.2]). A decreasing productivity factor is incorporated in the WWF yield

equation, reflecting the deleterious effects of summerfallow on long-term

soil quality. Development of these modifying factors is described below.

4.9.1 Soil Enhancement Through Lentil Production

The soil-enhancing effects of legume production have long been known

among agronomists. Numerous studies have demonstrated the N-boosting

and soil building qualities of legumes, particularly when these are used as

green manure (Green and Biederbeck, 1995; Brandt, 1996; Zentner et al.,

1996; Biederbeck et al., 1998). As described in Section 2.4.2, Biederbeck et al.
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(1998) documented significant improvements in 13 different soil quality

attributes for legume-wheat rotations relative to a fallow-wheat base

treatment.

In the present study, a Land Productivity Factor (LONGTERM) is included

in theWWGM,WWL and WWFLEX simulations to represent the cumulative

soil-enhancing effects of lentil production. This value modifies the

production function to reflect changes in inherent soil productivity which

accrue over time when lentils are included in the rotations.

Three approaches were considered in quantifying the Land Productivity

Factor used in the production functions. Details of these calculations follow.

4.9.2 Estimation of the Land Productivity Factor

Three different calculation methods were considered in developing

LONGTERM:

• Marginal value product

• Total physical product

• Estimated asymptotic equation
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Marginal Value Product

When attempting to place an economic value on an improvement in
farm productivity, it is necessary to distinguish between the average
value of a product and its marginal value ... For the purpose of valuing
a change, as we must do to evaluate research, the marginal value is

usually the relevant magnitude (Pannell, 1993).

Applying marginal value indexing to LONGTERM, the change in yield from

an additional unit of water within a given yield functionl? was compared to

that of a standard, in this case the WWW rotation. The mathematical form

considered was

d�otatjon dYwww
dW dW

Ywww
� %increase(decrease)

Thus, in the case of a WWW rotation, the % increase would be zero (the base

case).

Total Physical Product

A similar approach was taken in constructing a total physical product index

to represent LONGTERM. This took the following mathematical form:

10 Each of the different rotations in the study has a different yield function.
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y . -Ywwwrotatron
=> % increases;decrease)

YWWWt

. Again, as for the marginal value approach, the base wheat-wheat rotation

would yield a zero % increase (decrease).

In using either of the above approaches, a problem arises in dealing with

year-to-year productivity change. Specifically, should the % increase (or

decrease) in productivity occurring over the 3D-year and lOO-year

timeframes be considered additive or multiplicative-'? Moreover, it is

generally accepted that no matter what type of soil one begins with, the

productivity index cannot be expected to increase (decreasel-- linearly

infinitely, nor can the rate of increase in the index be expected to remain

constant.

Estimated Asymptotic Equation

11 For the lOO-year model, do we consider the case

100

LONGTERM =L %increase or

o

100

LONGTERM =n %increase
o

12 %INCREASE will be taken to include either an increase or a decrease.
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The third case, an estimated asymptotic equation, was also considered to

represent productivity changes arising in the various medium-long and

long-term rotations. The following form is used:

T %INCREASE
LONGTERM =L ( y

as t � 00

o 1+8

This case requires some estimation and generalisation, but it yields an

asymptotic plateau and a decreasing rate of productivity increase, which are

most likely to correlate with soil productivity changes in the real world. A

mean %INCREASE can be readily estimated using the MVP or TPP

estimations, individually or in combination. The discount term (0) is

determined by the maximum productivity increase that can be expected

over time, and the number of years required to attain that level,

where:

LONGTERM, = LONGTERMt-l + ( )'1+8

a

Solving for ec (%increase) gives:

a = (LONGTERM, - LONGTERMt-l) * (1 +8)'

Solving for 0 gives:
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1

[a]'8- -1-

(LONGTERM, - LONGTERM,_I)

. So where we have calculated oc and we have determined a value for t13, we

can calculate o.

4.9.3 Modifying the Production Function

LONGTERM, the land productivity factor can be employed to modify the

production function for each of the four timelines. If legume production is

assumed to generate an improvement in inherent soil productivity,

independent of other inputs, then different yields should arise from different

rotations under the same moisture and N conditions. Four possible

scenarios were considered in developing the new yield equation (yNEW), as

follows:

1. yNEW = LONGTERM * f30 *[1- exp<-f3w*<SOILWATER+RAINFALL)) ]*[1- exp<-fiN*<SOILN+ADDEDN))]

In this situation we are modifying BetaO. In essence, we are increasing or

13 The time required to reach a plateau in the LONGTERM factor must be calculated by
using an arbitrary change in LONGTERM. In this thesis we will take this difference to be

0.5%. That is, when the % change in the productivity factor is 0.5% or less, we accept that the

productivity factor has reached its plateau. This is a critical assumption in the formulation of

the discount factor.
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decreasing our maximum yield potential, which produces a vertical shift

in our yield curve. This allows for a change in yield under same Nand

water conditions.

yNEW = f30 *[1- exp(-Av.wNGTERM.(SOILwATER+RAINFALL»]*[l_ exp(-J3N·(SOILN+ADDEDN»]2.

yNEW = f30 *[1- exp(-Av·(SOILwATER+RAINFALL»]*[l_ exp(-J3N·WNGTERM.(SOILN+ADDEDN»]3.

Equations number 2 and number 3 modify the existing yield equations by

changing their water or N components. Equation 2 illustrates a change in

how the soil makes water available to the plant, while equation 3 has the

LONGTERM factor affecting the N supply.

In both of these cases, the changes in water availability or N are introduced

as components of an asymptotic yield equation, thus eliminating the

problem of a linear, ever-increasing productivity factor.

4.
LONGTERM WNGTERM

(-Av. .(SOILWATER+RAINFALL» (-PN" "(SOILN+ADDEDN)))
yNEW = f30 *[1- exp Fw ]*[1- exp FN ]

Equation 4 combines Equations 2 and 3 to reflect both water- and N-related

changes in productivity. This equation most accurately represents the effects

of legumes on soil properties, and thus on yield. However, a difficulty �rises

in employing Equation 4, in that separate values must be estimated for Fw

and FN (i.e., the portion of LONGTERM that is attributed to water and N
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factors, respectively). Moreover, as each rotation may be expected to affect

the soil in a different manner, different Fw and FN values would be necessary

for each rotation.

This problem was solved using the research findings of Biederbeck et al.

(1998), which indicate that the water and N effects of long-term legume

production are approximately equal. Accordingly, the values of Fw and FN

were each set at 50% of LONGTERM. The basis for this assumption is

described in detail in Section 5.9.

The modified yield isoquants arising from the original production function,

and from Equations 1 through 4, are shown graphically in Figure 6. Each of

the contours represents the same yield on all points of the curve, but each

differs in the amounts ofN or water needed for a given quantity of the other.
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Figure 6: Comparison ofmodified yield isoquants

In Figure 6, we see that if a rotation gives us an increase in water use

efficiency (water effect), less moisture is needed to achieve a given yield

relative to the original production function. Conversely, if the rotation

leaves a N benefit (N effect), the same yield is produced with less N overall.

The "combined effect" represents the optimal situation of needing less water
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and less N to attain a given yield, relative to the original production

function.

4.9.4 Soil Degradation Through Summerfallow

As discussed in Section 2.3 the common prairie practice of summerfallow

has been shown to produce a steady long-term deterioration in soil quality.

Numerous researchers (Janzen, 1987; Campbell and Souster, 1982; Hill 1954)

have documented substantial losses of soil N and organic carbon in long

term grain-fallow rotations, with a proportionate decrease in yields

(Campbell et al. 1993). Fallow rotations remain attractive to producers,

however, because they conserve moisture in the short-term and thus

increase yields the following year (Campbell et al., 1990). The farmer thus

trades a short-term gain for a long-term pain.

The probable effects of summerfallow on soil productivity are shown

schematically in Figure 7. Although there is a short-term productivity

increase, represented by the "Probable" curve, there is a long-term loss of

soil quality and thus a decrease in yield potential.
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Figure 7: Productivity of summerfallow

For simulation purposes, the long-term effects of summerfallowing on soil

qualitywill take the form of a linear decrease in yields, as represented by the

"Projected" line in Figure 7. The rate of decrease was set somewhat

arbitrarily at 0.5% annually. This figure is a reasonable approximation of the

real-world situation, as is evident from Table 1 .

4.10 The New Profit Function

Once the Land Productivity Factor has been incorporated,
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LONGTERM LONGT�

NEW (-f3w. .(SOILWATER+RAINFALL» (-/3H· ·(SOILN+ADDEDN»
Y = /30 *[1- exp Fw ]*[1- exp FH

The new profit function becomes:

With substitution of nNEW into

we obtain a new Net Present Value, with soil productivity changes arising

from the different rotations incorporated in the model.

4.11 Summary

The model developed in this thesis is based on five 3-year cropping rotations
.. .�

carried out in short-term (one year), medium-term (six year), medium-long-

term (30-year) and long-term (lOO-year) timeframes. The five rotations are

WWF; WWW;WWGM;WWLand WWFLEX, in which the producer opts to

plow down the legume crop or harvests it for cash, depending on soil

moisture conditions.

The various timeline models are constructed based on a simple budgeting

spreadsheet, using truncated probability distributions for rainfall, soil

moisture, soil N and commodity prices. The profit function arises from a
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modified cash flow statement, using a distribution of net returns and their

associated probabilities, rather than a single average net return .

.

Yields from each crop rotation were estimated using a Mitscherlich-Baule

production function, which was developed using agronomic data from field

studies conducted at the Agriculture and Agrifood Canada Experimental

Farm at Scott, Saskatchewan. The production functions are modified to

reflect the effects of legume cropping and of summerfallow on soil

productivity; a continuous monoculture wheat rotation was used as the

unmodified base equation.

The production functions for theWWGM,WWL and WWFLEX rotations are

asymptotic equations modified by the Land Productivity Factor

(LONGTERM). The latter is a unique feature of the model, reflecting the

long-term changes in inherent soil productivity which occur secondary to

legume production. The WWF production function is modified by a

constant 0.5% LONGTERM decrease which represents the deleterious effects

of summerfallow on long-term soil quality.
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Chapter 5 Empirical Estimation ofModel Equations

5.1 Introduction

The basic elements of the simulation are the profit function,

and the production function,

Y = f30 * (1- EXp(-·f3N*(SOILWATER+RAINFALL))) * (1- EXp(-f3w*(SOILN+ADDEDN)))

Components that must be estimated to complete the functions are:

1. Yield functions for each rotation

2. �o levels (maximum attainable yields)
3. The price of wheat and lentil

4. Soil moisture levels

5. The amount of expected rainfall
6. Soil N levels

7. N quantities used and the cost of purchasing N
8. The variable costs associated with crop production
9. The fixed costs associatedwith crop production

Empirical estimation of each component is described in the Sections which

follow.
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5.2 The Model Production Functions

The data collected at the Scott Experimental Farm made possible the

estimation of different yield functions for every two-year cropping sequence.

These functions differ from previous soil-related production function

estimations (Forsberg, 1990; Weisensel, 1988), as the latter are based solely

on a single input production function, with no recognition of other factors.

To provide meaningful comparisons of different cropping rotations, more

specific equations were elaborated for the model developed here. From the

field data at Scott, the following rotation-based yield equations were

estimated:

• wheat grown on wheat stubble (WW)14

Y = 6000 * (1- EXp(-·0742.(SOILMOISTURE+RAINFALL))) * (1- EXp(-·OO76.(SOILN+ADDEDN)))
• wheat grown on summerfallow (WF)

Y = 6000 * (1- EXp(-.070S·(SOILMOISTURE+RAINFALL)) ) * (1- EXp(-·Ol17*(SOILN+ADDEDN)))

• wheat grown on lentil green manure (early plowdown)(WGM)

14 When discussing a rotation the WWL notation is used. Alternatively when discussing a

specific field in the rotation, theWL notation specifies the previous crop (W) and the present
crop (L).
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( ( 0947*(SOILMOlSfURE+RAINFAU))) * (1 EXP( -.0138*(SOILN+ADDEDN)))Y=6000* 1-EXP-' -

• wheat grown on lentil green manure (late plowdown)(WGM)

Y = 6000* (1- EXp(-.II06*(SOILMOlSTURE+RAINFAU))) * (1- EXp(-·0116*(SOILN+ADDEDN)))

• wheat grown on lentils harvested for grain (WL)

Y = 6000 * (1- EXp(-·08W(SOILMOISfURE+RAINF))) * (1- EXp(-·OIII*(SOILN+ADDEDN)))

• lentils grown on wheat stubble (LW)

Y = 3000 * (1- EXP( -.OO20*(SOILMOISfURE+RAINFAU)) )
In summary :

Table 8: Production function coefficients

Rotation Name Coefficient T-ratio Rsquared
WW Pw .074215017 * 0.90

PN .007560574 5.85

WF Pw .070465046 * 0.58

PN .011672907 3.34

WL Pw .08015306 39 0.89

PN .011094702 2.97

WGM Pw .094712296 * 0.87

�N .013854266 3.37

LW Pw 4.628795 11.97 0.90

Source: Model regressIon

* T - ratios> 30
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5.3 Maximum Attainable Yields

5.3.1 Wheat Yields

The average yield of spring wheat in Saskatchewan over the last 20 years has

been 1800 kg per ha (Saskatchewan Agriculture and Food, 1993).

Using the Mitscherlich-Baule function, one needs to estimate a maximum yield

level (�o) that could be attained given exceptional (i.e., perfect) production

conditions. Through discussions with plant breeders (Rossnagel personal

communications), a maximum attainable wheat yield for the Dark Brown soil

zone was arbitrarily established at 6000 kg/ha.

5.3.2 Lentil Yields

The average yield of lentils in the Saskatchewan over the last 20 years has been

990 kg/ha (Saskatchewan Agriculture and Food, 1993).

Using a modified Mitscherlich-Baule equation to estimate lentil yields during a

given growing season, a maximum level (�o) that can be attained given

exceptional (i.e., perfect) conditions must be estimated. Through discussions

with plant breeders (Slinkard, personal communications), a maximum attainable

lentil yield for the Dark Brown soil zone was arbitrarily set at 3000 kg/ha.
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5.4 Prices ofWheat and Lentils

5.4.1 Wheat Prices

Over the past 20 years, the average street price for No. 315 Red Spring Wheat has

been $0.11 per kg (Saskatchewan Agriculture and Food, 1993). Given the

downward pressure on prices caused by elimination of the so-called "Crow

Ratel/16 rail transportation subsidy in 1996, the mean price of wheat used in this

model is $0.087 per kgl7.

normal distribution based on the following data:

For each run of the model, prices were drawn at random from a truncated

15 Initial discussion with Brandt indicated that the no. 3 red wheat price would be the most

common wheat price received in the Dark Brown Soil zone. Had the price received from no. 1 red
wheat been used some consideration would have to have been given to protein level and this
would have added another parameter to our yield equations.
16 The Crow Rate (Western Grain Transportation Act) subsidy was an export subsidy given to the
railroads to transport prairie grain to export position. The Crow Rate established a fixed export
freight rate for producers. Any extra costs incurred by the railways were paid for by the Federal
Government. This basically increased returns to producers by the amount of the subsidy.
17 Average price with Crow Rate minus the average crow rate subsidy in Saskatchewan

(approximately $26/tonne).
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Table 9: Wheat prices

Price of wheat

$/kg

Mean 0.087

Standard Error 0.006

Standard Deviation 0.026

Sample Variance 0.069

Range 0.075

Minimum 0.053

Maximum 0.128

Source: Saskatchewan Agriculture and Food 1993

5.4.2 Lentil Prices

Over the past 20 years, the average price for lentil has been $0.426 per kg

(Saskatchewan Agriculture and Food 1993). Like wheat prices, lentil markets

have been affected by the elimination of the "Crow Rate" subsidy in 1996.

Accordingly, the mean price of lentils used in this model is $0.400 per kg .

For each run of the model, lentil prices were drawn at random from a truncated

normal distribution based on the following data:
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Table 10: Lentil prices

Price of Lentils

$/kg

Mean 0.400

Standard Error 0.030

Standard Deviation 0.137

Sample Variance 1.891

Range 0.513

Minimum 0.239

Maximum 0.752

Source: Saskatchewan Agriculture and Food 1993

5.5 SoilMoisture Levels

For each year in the model, soil moisture levels were estimated using a two-step

process. First, using field trial data from the Scott Experimental Farm, separate

distributions were developed for soil moisture following lentil crops, and soil

moisture following wheat crops (see Table 11). In the next step, a value for the

previous season's snowfall was randomly drawn from a truncated normal

distribution based on historical snowfall levels. Where a heavy snowfall was

drawn, the corresponding soil moisture level was drawn randomly from the

higher ranges of the moisture distribution. A light snowfall triggered a draw

from the lower ranges of the distribution.
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Soil moisture was also the determining factor in the WWFLEX rotation. A

WWGM cycle was used rather than WWL whenever the soil moisture drawn

was below the mean.

Table 11: Spring soil moisture levels

Spring Soil Moisture (mm/90cm)

after lentils after wheat

Mean 189.290 166.310

Standard Error 5.117 6.459

Standard Deviation 39.968 40.336

Sample Variance 1597.421 1626.967

Range 187.200 177.800

Minimum 115.800 119.900

Maximum 303.000 297.700

Source: Brandt 1996

5.6 Rainfall Levels

Rainfall was assigned based on a random draw from a truncated normal

distribution, using weather data collected from 1959 to 1989 at the Scott

Experimental Farm (See Table 12). For purposes of the model, rainfall in the
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growing season was defined as rains falling in the period April 1 through August

3118.

Table 12: Seasonal rainfall

Seasonal Rainfall (mm)

Mean 220.803

Standard Error 8.572

Standard Deviation 46.163

Sample Variance 2131.100

Range 192.300

Minimum 142.900

Maximum 335.200

Source: Scott Experimental Farm, 1992

5.7 Nitrogen

For purposes of the simulation, N was divided into two main categories: soil N

and added fertilizer added N.

18 No consideration was given to the timing of the rainfall.
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5.7.1 Soil Nitrogen

Surprisingly, analysis of data from the Scott field trials failed to demonstrate a

correlation between legume production (whether grain legume or green manure)

and soil N levels in the following season. Since the N-enhancing effects of

legumes have been well established in numerous studies (see Section 2.4.1) it is

assumed that other, short-term factors in the three-year trials may have obscured

the longer-term N-increasing trend. Since no N function could be established,

soil N levels were drawn at random from a truncated normal distribution based

on the Scott data, as shown in Table 13.

Table 13: Soil N levels

SoilN kg/ha

Mean 55.292

Standard Error 2.839

Standard Deviation 19.668

Sample Variance 386.849

Range 106.000

Minimum 33.000

Maximum 139.000

Source: Brandt, 1996
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5.7.2 Added Nitrogen

Within each rotation and timeline, two separate model runs were conducted

using different levels of fertilizer N. First, the simulation was run using no

added fertilizer, i.e., relying on random draws of soil N alone. The results were

compared with a second run in which fertilizer levels were optimized.

Optimum levels!" were calculated based on fertilizer costs and returns from

grain in any given rotational year, as described below.

The optimal usage of N occurs when the expected marginal value product of N

equals the marginal cost of fertilizer (Zentner et al., 1992). In the model, the

optimal use of fertilizer for a given year is estimated from the equations below.

Profits for the farmer are determined as:

II= Py*Y-N*PN -C(Y)-F

In indirect functional form:

We then take the derivative of the indirect form to find the profit maximizing

yield.

19 Model had a priori knowledge of the rain in the current year, therefore it maximized profits
with perfect knowledge.
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Set dTI = 0 then solve for Y, yielding:dY

dTI
dY

dC(Y) PN
dY

+ r; -

( )� * {3 (1- EXp(-�·water)) * 1-
Y

o I

130 * (1- EXp(-�·water))
then

_(EXp(�·water) * p )_ R. * R. *(p. _ dC(Y))+ R. *f3 * EXp(�·water) *(p. _ dC(Y))N Po PI Y dY Po I Y dY
Y=-------------------------------------------------------

f3 * EXP(�*water)*(p, _ dC(Y))I Y dY

Then given the profit maximizing yield Y we can solve for the optimal level of N

by using

from the indirect functional form.

Optimal N levels vary each year as the price of grain changes with each

estimation of the model.

5.7.3 Cost of Nitrogen

In the majority of the model simulations the cost of N was kept constant and

based on the real present day cost of $.73 per kg (Alberta Wheat Pool, personal

correspondence). Changing the value of N affects the profit maximizing levels of

yield as well as the amount of N required. This change is explored in the

sensitivity analysis (Section 6.4).
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5.8 Other Costs

5.8.1 Variable Costs

In estimating the profit maximizing yields, it is important to consider the

variable costs. Previous economic models of crop production have established

variable costs at a constant level (Weisensel and Schmitz, 1990; Zentner et al.,

1993). In the present model, when we calculate the profits at optimal levels of N

the additional variable costs associated with the additional yields generated are

subtracted from the gross income.

Data used are based on information collected from the Top Management

Workshopsw and was taken from the bulletins published by Saskatchewan Ag

and Food (1991, 1992, 1993,and 1994).

5.8.2 Fixed Input Costs

Fixed costs for this series of crop rotations were gathered from the data collected

in the Top Management workshops in the years from 1991 through 1994

(Saskatchewan Agriculture and Food, 1991, 1992, 1993, and 1994).

20 The Top Management program (which is used in the Top Management Workshops) uses a

computerized forward planning model that generates a cost of production report as well as

projected financial statements for the next five years.
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Table 14: Fixed and variable input costs

perha WHEAT WHEAT WHEAT LENTILS SUMMER GREEN
on on on on

WHEAT LENTIL FALLOW WHEAT FALLOW MANURE
EXPENSES

Crop Inputs
Seed21 12.57 12.57 12.57 51.72 0.00 51.72

Fertilizer

Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00

Phosphorous 13.13 6.14 6.14 8.23 0.00 0.00
other 3.49 0.98 0.98 5.50 0.00 0.00

Chemical
Herbicide 17.11 18.42 18.42 51.37 0.00 0.00
Insecticide 0.77 0.08 0.08 0.90 0.00 0.00

Miscellaneous Crop Inputs 8.83 9.01 9.01 5.59 2.71 2.71

Total Crop Inputs 55.89 47.20 47.20 123.32 2.71 54.42

EQUIPMENT & BUILDING
EXPENSES

Fuel, Oil and Lubricants 10.90 11.40 11.40 8.61 6.43 6.43

Repairs and Maintenance 10.16 10.84 10.84 10.58 3.76 3.76
Miscellaneous 6.75 7.80 7.80 8.82 1.42 1.42

Indirect Equipment Expenses 7.23 10.18 10.18 11.27 1.68 1.68
Total Equipment Expenses 35.04 40.22 40.22 39.27 13.29 13.29

TOAL VARIABLE COSTS 90.93 87.41 87.41 162.59 16.00 67.71

OTHER EXPENSES
Labour 12.13 11.95 11.95 11.77 9.94 9.94

Property Taxes 7.80 7.55 7.55 8.67 6.84 6.84
Miscellaneous 1l.08 16.44 16.44 20.49 2.41 2.41

Operating Interest 4.76 4.05 4.05 8.40 0.74 0.74
Total Other Costs 35.77 39.99 39.99 49.32 19.93 19.93

Total Cash Costs 126.70 127.40 127.40 211.91 35.93 87.65

Depreciation Build & Equip 42.92 40.46 40.46 50.17 13.87 13.87
Total Cash & Depreciation 169.61 167.86 167.86 262.08 49.80 101.51

TOAL FIXED COSTS 78.68 80.45 80.45 99.49 33.80 33.80

Source: Saskatchewan Agriculture and Food 1991, 1992, 1993, 1994

21 In this instance, the same cost is used for seeding a green manure crop as a cash crop. While it

is noted that the seeding rate for GM (35 kg/ha) is different from grain lentil (75-90 kg/ha),
because of WWFLEX rotation the costs were kept the same in all cases. The assumption therefore

may tend to understate the benefit of theWWGM rotation.
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5.9 Modifying the Production Functions for Soil Productivity

Changes

As discussed in Chapter 4, the production functions for the WWL, WWGM and

WWFLEX rotations are modified by the productivity factor LONGTERM, which

represents improvements in soil quality induced by legume production. A

second modifier is used in theWWF rotations, to account for the soil degradation

which is known to accompany summerfallowing in the longer term (Campbell et

al.,1990). The production function for the WWW rotation is not modified, i.e.,

WWW is used as the base rotation in the simulation.

5.9.1 Estimating the Land Productivity Factor (LONGTERM)

The WWGM, WWL and WWFLEX production functions are modified by a land

productivity factor (LONGTERM), which reflects soil quality improvements

induced by lentil production over time. To assign a value to LONGTERM, the

ideal method would be to plant and assess test plots after each three-year cycle

throughout the timeline, running regressions on the resulting data to re-evaluate

the yield equations. Given the length (30-years and 100-years) of the timelines,

however, this method is not possible. For simulation purposes, the following

methodology is used to estimate changes in soil productivity associated with

legume cropping:
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(_/3w*LONGTERM *(SOILWATER+RAINFALL» (_f3N*LONGTERM *(SOILN+ADDEDN»
yNEW = 130 *[1- exp Fw ]*[1- exp FN ]

To establish values for FN and FW' we again consider the work of Biederbeck et al.

(1996). As described in Section 2.4.2, this study identified 13 attributes which

contribute to overall soil productivity, and measured the changes occurring in

each under WWGM versus WWF cropping schemes. These changes, indexed

relative to theWWF base treatment, are shown in Table 15.
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Table 15: Indices of soil quality attributes for a lentil-wheat crop rotation

Soil Quality Attribute Nitrogen Cycle Water Cycle
Index= Index=

TotalN 1.08

Organic Carbon 1.06

Wet Aggregate Stability-s 1.42 1.42

Wind Erodible Fraction25 1.13 1.13

Dry Aggregate Stability= 1.32 1.32

Potentially Mineralizable N 1.30

Initial Potential rate ofN Mineralization 1.84

CarbonMineralised 1.55

Light Fraction Dry Matter-? 1.37 1.37

Microbial Biomass Carbon 1.55

Dehydrogenase 1.32

Arylsulfatase 1.32

Phosphatase N/A N/A

Average increase 1.36 1.31

Source: Biederbeck et al. 1996

22 Values shown are for soil quality attributes following three cycles of a two-year wheat-green
manure (black lentil) rotation, and are indexed relative to three cycles of a two-year wheat
summerfallow rotation (the base value).
23 ibid.
24 This index has been attributed to both the water and nitrogen cycle. The total change in index is
1.42 and has been attributed wholly to both cycles.
25 ibid.
26 ibid.
27 ibid.

88



It can be seen that, on average, the N and water indices increase by an

approximately equal amount, as overall soil quality improves. Thus in our

model soil productivity increases are attributed equally to the water and the

nitrogen components, i.e., Fw = FN• This facilitates calculation of LONGTERM.

To establish a value for LONGTERM, an average was taken of Total Physical

Product (TPP) and Marginal Physical Product (MPP) factors.

ay"otation aywww
aw aw

+
y"otation - Ywww

Ywww YwwwLONGTERM = L� -------------2----............._-

The use of the asymptotic factor was not necessary, as the inclusion of

LONGTERM within the yield equation eliminates the problem of an ever-

increasing linear productivity factor. This is illustrated in Figure 8. The straight

line represents a linear equation for the productivity increase, while the three

rotation yield increases are asymptotic.
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Yield Increase

-.--�-.-----.---.-.-----.--.-.--.-.-.--.-.--.-.--.---._.-._._--'--'-'-'
Time

-- Projected (Linear) Productivity -- WWW -- WWL._._._._ WWGM

Figure 8: Simulated vs. projected linear yield increases

5.9.1.1 Confirming the Land Productivity Factor (LONGTERM)

By running separate production functions with yields from the database of

Biederbeck et al. (1996), it was found that, in the Biederbeck trials, wheat yields

increased 17.6% per year of lentil green manure in the rotation. Over the six-year
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term of the greerunanure study, this 17.6% yield increase corresponds to a 28%28

soil quality improvement in the lentil-wheat rotation.

Productivity changes in the model rotations were also compared independently

with actual yield changes in year 4 (the first year after a lentil plowdown ) of the

trials by Brandt (1996) at the Scott Experimental Farm. The actual wheat yield

increase found in year 4 of the Brandt trials was 38%. In the model, the ratio of

the WWGM toWWW production functions is 1.35, i.e., the equations represent a

35% yield increase using greenmanure relative to a monoculture wheat.

An additional comparison was made by running the model for 4 years, with

randomly-drawn values for rainfall, soil moisture, soil N, etc., as described

above. The result of this short simulation was a 28% yield increase in the

WWGM rotation relative to the WWW.using the production functions modified

by LONGTERM.

28 These index calculations use a modified form of the Karlen et al. (1994) approach (cited in

Biederbeck, 1996) where q, = ((p;)), , with q being the quality index for a given attribute (i) for a
P, c

given treatment (t) compared to the control (c = wheat-fallow rotation). If the inclusion of

(p;)
legumes brought about a beneficial decrease in an attribute, then qj =-(.)c (i.e., wet aggregate

P, ,

n

stability). The cumulative effect of these indices was then defined as Q = Lq; for all attributes

in the study.

91



To confirm that the model production functions behave asymptotically rather

than linearly, the actual increase over time (increasing LONGTERM by 17.6% per

legume year) was compared with a projected linear yield increase of 17.6%29 per

legume year. Figure 8 indicates that the modified production functions do

indeed conform to an asymptotic pattern of yield change.

Although yield values generated by the modified production functions are

somewhat lower (9% lower) than the actual plot study yield data, it was felt that

the overall degree of correlation was acceptable given the use of random draws

in the four-year test simulation. Accordingly, the formula shown in Section 5.9.1

was adopted for estimation of LONGTERM in the model.

5.9.2 Summerfallow Effects on the Production Function

As described in Section 4.9.4, the WWF production function incorporates a 0.5%

per fallow year decrease in soil productivity to reflect long-term soil degradation

associatedwith summerfallowing.

29 Arbitrarily chosen at 50% of actual yield increase from Brandt, 1996.
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5.10 Summary

Chapter 5 details the empirical estimation of each component of the profit

function,

and the production function,

Production (Yield) Functions

Using data collected at the Scott Experimental Farm, individual yield functions

were calculated for every two-year cropping sequence in the model. The use of a

separate, empirically-based equation for each rotation allows for meaningful

comparisons of the outcomes of each.

Maximum Attainable Yields

Maximum yield values are needed to complete the Mitscherlich-Baule

production function. Based on discussions with plant breeders, maximum

attainable wheat and lentil yields for the Dark Brown soil zone were set at 6000

and 3000 kg/ha, respectively.
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Commodity Prices

For each run of the model, wheat and lentil prices were drawn at random from a

truncated normal distribution based on historical prices and the recent effects of

the elimination of the so-called "Crow" transportation subsidy. The mean

wheat price used was $0.087 per kg. The mean lentil price was $0.400 per kg.

Soil Moisture Levels

Spring soil moisture levels were estimated by drawing from separate, truncated

normal distributions for soil moisture following lentil and wheat crops at the

Scott Experimental Farm. The draws were made from higher or lower ranges of

these distributions, depending on a second random draw for snowfall.

Rainfall Levels

Rainfall was assigned based on a random draw from a truncated normal

distribution, using weather data collected from 1959 to 1989 at the Scott

Experimental Farm.

Soil Nitrogen

Surprisingly, analysis of data from the Scott field trials failed to demonstrate a

correlation between legume production (whether cash legume or green manure)
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and soil N levels in the following season. Accordingly, soil N levels were drawn

at random from a truncated normal distribution based on the Scott data.

Added Nitrogen

Within each rotation and timeline, the simulation was run using no added

fertilizer, i.e., relying on random draws of soil N alone. The results were

compared with a second run in which fertilizer levels were optimal. Optimal use

of fertilizer for a given year was estimated from the profit maximizing yield

equation:

_(EXp(p,_*WDter) * p )_ a *f3 *(p. _ dC(Y»),+ a *f3 * EXp(p,_*wDter) *(p. _ dC(Y»)N Po I Y dY Po I Y dY
Y------------------------------------------------------------

f3 * Exp(p,_*wDter)*(p. _ dC(Y»)I Y dY

Given the profit maximizing yield Y, the optimal level of N is

Cost ofNitrogen

In the majority of the model simulations the cost of N is kept constant and based

on the real present day cost of $0.73 per kg.

95



Variable and Fixed Costs

In the model, when profits are calculated at optimal levels of N, the additional

variable costs associated with the yield increase are subtracted from the gross

income. Variable and fixed costs are empirically estimated using data from

management workshops in Saskatchewan.

Modifying the Production Functions for Soil Productivity Changes

The WWGM, WWL and WWFLEX production functions are modified by a land

productivity factor (LONGTERM), which reflects soil quality improvements

induced by lentil production over time. The WWF rotation is also modified to

show the negative effects of summerfallowing on soil productivity. Validation of

these modifications is presented.
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Chapter 6 Results

6.1 Introduction

The model was written in visual basic, within Excel 7.0 (Microsoft Corp. 1997).

Numerous simulations were run to approximate the one-year, six-year, 30-year,

and finally 100-year timeframes. From these model runs, the outcomes are

presented in terms of net present value, profit maximising yields, actual yields

with no regard for profit maximisation, and ultimately the level of added N

required to achieve the profitmaximising yield levels.

The model generated a very large amount of data, which is summarized in the

tables and charts that follow. For each run of the model, data was generated

from the various rotations using production functions with

• No modification,

• Productivity factormodification,

• N optimisation,

• Productivity factor modification with N optimisation.

The various production functions were run simultaneously to assure proper

behaviour of the model and to examine differences between the outputs. Not all
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of the data generated is presented here, as not all is relevant to the study

objective.

6.2 Results

6.2.1 Productivity Factor Values

The main drivers (method of simulating rotation effect) of the model are the

productivity factors'". Table 16 shows the values from a representative number

of runs of the model.31

Table 16: Relative productivity factor values"

Years

Rotation 6 30 100

WWL 0.00 0.38 1.89 6.32

WWGM 0.00 0.59 2.90 9.65

WWF 0.00 -0.01 -0.05 -0.17

WWW 0.00 0.00 0.00 0.00

*

These values have no units and are relative to theWWW rotation.

30 The WWFLEX rotation does not appear in several figures as in itself it does not have a

production function, instead using either the WWL or WWGM production function, depending
on available rainfall and soil moisture.
31 The models were each run 100 times (with 500 draws per distribution). In the case of the 100-

yearmodel this generated 10,000 series of data. Each series resulted in different factor values. The

values here are an average of 10 (10*100 runs) randomly chosen runs. Runs on some models were

limited by time (up to 12 hours).
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6.2.2 Net Present Value

Table 17: NPV ($) of various rotation timelines @ 4% discount rate

WWL_opt32 WWFLEX_opt WWGM_opt WWF_opt WWW_opt

year 1 261,243 75,308 75,308 69,355 96,342

year 6 1,095,420 670,634 505,892 390,370 562,090

year 30 5,194,507 2,385,808 2,442,697 1,562,755 2,234,003

year 100 7,609,327 3,539,801 3,144,961 1,576,615 2,292,969

Table 18: Difference in NPV ($) re: summerfallow

WWL_opt WWFLEX_opt WWGM_opt WWF_opt WWW_opt

year 1 191,888 5,952 5,952 0 26,987

year 6 705,049 280,263 115,521 0 171,719

year 30 3,631,752 823,053 879,942 0 671,248

year 100 6,032,712 1,963,186 1,568,346 0 716,354

Table 19: Difference in NPV ($) of various discount rates

WWL_opt WWFLEX_opt WWGM_opt WWF_opt WWW_opt

0% 33,079,821 16,819,469 15,481,037 6,452,496 9,997,901

4% 7,609,327 3,539,801 3,144,961 1,576,615 2,292,969

B% 3,n2,152 1,633,560 1,340,133 740,275 1,049,407

32 A rotation followed with the _opt represents those cases in which the N usage was optimized.
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Table 17,Table 18, and Table 19 show results from the simulations in terms of net

present value. Table 17 presents results in terms of our base discount rate (see

Section 3.3.1). In Table 18 we see a comparison of the various rotations in terms

of the difference in value between WWF and the alternatives. The effects of a

change in the discount rate are presented in Table 19. It is noted that although

the preference (profitability) of one rotation over the other does not change with

the change in discount rate but the overall value (NPV) of the given rotation

varies significantly.
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6.2.3 Yield levels required for profitmaximization

06 year means01 year means 30 year means 99 year means

Figure 9 illustrates the profit maximising yield levels of the various production

functions. As we expected, the yield level for the WWW production function

remains constant (inherent within the model). The yields for the WWGM and

WWL functions rise until they begin to reach the maximum level set by �o. Yield

in theWWF production function decline due to the decrease in productivity.

-+- New V'NIW Profit tlexirrizing Yield __ New WINL Profit tlexilTizing Yield

--#.::--' New WWFProfit tlexilTizing Yield � New WWG�ofit tlexirrizing Yield

Figure 9: Yield Levels at Profit Maximisation
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6.2.4 N Required for profitmaximizing levels

120

100

80

60

40

20

01 vea I1'8T6 06 yocr I1'8T6 99 yocr rrs:ns30 YfD rrs:ns
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····· .. "'·······lIitrogen Fertilizer Required forWWL -� Nitrogen Fertilizer Required for 'W'NIN

Figure 10: N Required for Profit Maximising Levels

Janzen et al. (1990) and Biederbeck et al. (1995) have stated that if fallow is

partially replaced by legume green manures, cereal production could be

improved through the enhancement and availability of soil N. Figure 10 appears

to support this hypothesis. We see that over time the legume based rotations

require less added N (Table 20, Figure 10) while at the same time the profit

maximising yield levels increase (Table 20, Figure 9).
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Table 20: N requirements for maximum yield in the Dark Brown soil zone

Rotation

WWL

Profit maximizing yield (Kg ha'

N required (Kg ha'

WWFLEX

Profit maximizing yield (Kg ha'

N required (Kg ha'

WWGM

Profit maximizing yield (Kg ha'

N required (Kg ha'

WWF

Profit maximizing yield (Kg ha'

N required (Kg ha'

www

Profit maximizing yield (Kg ha'

N required (Kg ha

Year1 Year 6 Year 30 Year 100

LW WW WL LW WW WL LW WW WL WL LW WW

) 1881 4358 4881 1881 4840 5183 1881 5441 5606 5849 1881 5n3

) 0 111 91 0 94 71 0 47 26 0 0 0

WGM GM WW WGM GM WW WGM GM WW WW WGM GM

) 5104 0 4358 5379 0 5008 5765 0 5582 5841 5917 0

) n 0 111 53 0 84 1 0 30 0 0 0

GM WW WGM GM WW WGM GM WW WGM WGM GM WW

) 0 4358 5104 0 5004 5428 0 5589 5765 5917 0 5844

) 0 111 n 0 84 48 0 29 1 0 0 0

WF FW WW WF FW WW WF FW WW WW WF FW

') 4937 0 4358 4926 0 4342 4881 0 4272 4034 4719 0

') 88 0 111 89 0 112 91 0 113 117 99 0

WW WW WW WW WW WW WW WW WW WW WW WW

') 4358 4358 4358 4358 4358 4358 4358 4358 4358 4358 4358 4358

') 111 111 111 111 111 111 111 111 111 111 111 111
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6.3 Discussion

6.3.1 Year 1

Distribution for return per hectare - year 1
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Figure 11: Distribution of return per hectare in a single year timeline

The one-year timeline provides a basic budgeting picture of each crop rotation.

As one would expect, in the one-year scenario the rotations incorporating fallow

or green manure are the least attractive in terms of returns per ha33, as only 2/3

of the crop acres are generating a cash return. In Table 17, we see that the net

33 These returns per ha are calculated by dividing the total returns from the 1000 ha model by the
acreage cropped,. i.e. total return divided by 1000.
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present value of the WWL rotation for year 1 is by far the most lucrative of the

five cropping alternatives. The three fallow green manure rotations are

indistinguishable (also apparent in Figure 11). A continuous wheat rotation fares

slightly better thanWWGM andWWFLEX.

6.3.2 Six Year Timeline

Distribution for return per hectare - 6 year
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Figure 12: Distribution of return per hectare in a six year timeline

With the six year timeline we begin to see some changes in the overall returns

picture. We still have a group of three relatively indistinguishable rotations

(Figure 12 and Table 17), the green manure and flex rotations have increased to

more closely equal theWWW rotation in return per ha as well as NPV (Table 17).

TheWWL rotation still exceeds the value of the other four with theWWF having
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the lowest relative value. We also see a decrease in the amount of N required to

achieve a profit maximum in the WL and WGM yield functions (Figure 10 and

Table 20).

6.3.3 Thirty Year Timeline

Distribution for return per hectare- 30 year
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Figure 13: Distribution of return per hectare in a 30-year timeline

The trends initially seen in the six year rotation continue during the thirty year

timeline. The distribution of returns differs more widely between timelines, with

theWWF and theWWW rotations decreasing in value relative to WWFLEX and

WWGM. The grain legume rotation remains the most lucrative. Though the NPV

of WWGM, WWFLEX and WWW remain relatively equal (see Table 17), the

WWGM and WWFLEX show stochastic dominance (Levy and Sarnat, 1990) over
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WWW in (Figure 13) terms of net return per ha. Significant decreases in N level

requirements for profit maximisation continue to decrease significantly for the

WGM andWL production functions (Figure 10).

6.3.4 One Hundred Year Timeline

Distribution for return per hectare - 100 year
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Figure 14: Distribution of return per hectare in a 100-year timeline

All trends established in the previous timelines continue in the lOa-year

framework. Figure 14 illustrates the greater differentiation between the various

rotations with respect to returns per ha. The NPV for WWFLEX and WWGM

remain relatively close but WWFLEX shows stochastic dominance over WWGM

(Figure 14). Similarly, the N levels required to achieve profit maximising levels
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of production have decreased to a point where no additional N is required in any

legume based rotations (WWL,WWFLEX, andWWGM), as shown in Table 20.

In the case of the productivity factors (Table 16) one notices that the factors for

the WWFLEX and WWGM are 1h again as much as for the WWL rotation

although the WWL rotation still returns the most profitable. The LONGTERM

component of our model appears to have been greatest in the green manure

based rotations (WWFLEX,WWGM).
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6.4 Sensitivity Analysis

Change in Nitrogen cost

$500

$400

$300

tV . Maximum
s: .

" "
.. $200 MinimumQ) "
a.
0 "

- Mean
.

•

$100

$0

-$100
LowN MedN HighN LowN MedN High N LowN MedN HighN LowN MedN HighN
WWL WWL WWL WWF WWF WWF WWW WWW WWW WWGM WWGM WWGM

Nitrogen price

Figure 15: Effects of a change in N costs

One important component that was held constant for most of the model was the

cost of N fertilizer. A series of simulations was run to investigate the effects of a

change in the cost of N on net returns. The base cost (Med N) was decreased by

10% (Low N) and increased by 10% (High N). In the short-term (Figure 15), a

10% increase in the price of N caused a 5% decrease in net return in the WWL

rotation, 4.6% decrease in the WWF rotation, 3.6% in the WWGM rotation, and
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9.8% decrease in the returns from the WWW rotations. This change was constant

from low N to med N to high N.
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Figure 16: NPV(@4%) of rotations under varying N costs
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Over the longer term the results were not as consistent (Figure 16). This may

reflect the limitations of the model. In the case of the long-term the variance in

the NPV over different N costs, could be as much an effect of the overall variance

in the model as of the change in N costs. Moreover, in the short-term model the

same data draw was used for each simulation; in the longer term this was not

possible.
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6.4.1 Lentil price sensitivity analysis

Table 21: Long-term returns ($) atminimum lentil pricing

NPV ($) @4% for Minimum Lentil Price

WWL

5,023,271

WWFLEX

3,840,167

WWGM

3,446,291

WWF

1,969,646

www

2,900,650

Source: model simulation

Another component examines at was the dollar return from lentil when sold as a

cash crop. Because WWL appears excessively profitable, simulations were run

with the price of lentil held at the minimum ($.20/kg). Even under this scenario,

the best overall long-term (100-year) returns came from the WWL rotations

(Table 21).
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Chapter 7 Conclusion

7.1 Conclusions

This study confirms the agronomic and economic benefits of incorporating

legumes in grain-based rotations in the Dark Brown soil zone and as such

supports our original hypothesis. However, successful use of green manure

legume rotations requires a long-term approach to farm management, since at

least two three-year crop cycles are necessary to realise gains in profitability and

productivity. Fortunately, based on this model, the more common practice of

growing grain legumes as a cash commodity was seen to be highly profitable

within a single rotation period. However, further study is warranted to identify

factors affecting the feasibility of grain legume and green manure production in

the various prairie soils. Widespread adoption of legume rotations offers public

and private benefits in the areas of soil conservation, environmental

sustainability, and energy self sufficiency.

7.2 Limitations and the Scope for Further Research

Three main areas would provide a useful focus for further research. The first is

expanding the model to other soil zones. This would help to correlate the results

found in the Dark Brown Soil zone with those applicable to the Black, Brown and

Grey Luvisol soil zones of Western Canada. It would be interesting to compare
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present profitability of these soil zone areas, with the future values that could be

achieved by the inclusion of legumes into traditional rotations.

Secondly it was apparent in Table 20 that the profit maximising levels that occur

in the 30-year and especially the 100-year rotations are approaching the �o from

our yield functions. The question arises: because of the productivity modelled

into our production functions, have we not changed this constant (�o) so that it is

higher than the 6000 kg/ha yield potential assumed in our model? This question

warrants further study.

Thirdly, consideration should be given to returns from the various wheat grades

(i.e., No.1 Hard Red Spring - high protein, No.2 Hard Red Spring, etc.) which

can be produced in the Dark Brown soil zone.
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