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Abstract

This paper presents a linear programming model designed to evaluate the impact of changes in milk to milk-quota-
leasing price ratios, nitrogen fertiliser and concentrate prices on the pro®tability of a technically e�cient UK dairy
farm. The model incorporates energy and protein requirements of cows of di�erent yield levels and allows substitution

between forage and concentrate feeds. The results show that there is a large ®nancial incentive to reduce input levels
and move to lower yielding cows as milk to milk-quota-leasing price ratios fall relative to prices for concentrates and
nitrogen fertiliser. However, under proposed reforms to the Common Agricultural Policy, and at current UK milk

prices, technically e�cient producers will ®nd it pro®table to continue feeding relatively large amounts of concentrates
to relatively high yielding cows. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

As a result of the favourable growing conditions
for grass relative to arable crops, dairy farming in
England and Wales is concentrated in the North
and West (Farrar and Franks, 1998). However,
dairy farms are also present, in smaller numbers, in
the drier arable Eastern counties of England, farms
in these areas being characterised by greater use of
concentrates (feeds based largely on cereals or cer-
eal mixes) and greater milk yield cowÿ1 (Farrar and
Franks, 1998). Choice of feedstu� for milk pro-
duction is also in¯uenced by the Common Agri-
cultural Policy (CAP), which, compared to world
prices, increases the price that dairy producers

receive for their milk (through production quotas,
intervention storage and levies on imports) and
increases the cost of concentrates (through cereal
intervention and import levies). Reforms to the
CAP in the early 1990s led to a 30% cut in
the cereal intervention price. The `Agenda 2000'
reforms will cut both price support for cereals and
milk; however, reform of the dairy sector has been
delayed until 2005±06 (Commission, 1998; Agra-
Europe, 1999). Thus, recent policy changes look
set to shift the milk/concentrate price ratio in
favour of greater use of concentrates over the short
to medium term. However, in contrast to prices in
the `euro-zone' countries, the UK milk support
price has been adversely a�ected by exchange rate
movements. In addition, the cost of gaining high
milk yields through greater concentrate use is also
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a�ected by the cost of leasing quota for produc-
tion over a farm's designated quota amount: Far-
rar and Franks (1998, p. 80) in a survey of English
and Welsh dairy farms, found that over the 1996±
97 marketing year, 11% of total quota was leased-
in or purchased outright, with an average leasing
price of £0.126 lÿ1. At an average milk price of
£0.249 lÿ1 for the sample as a whole, the e�ective
price of milk was, therefore, only £0.123 lÿ1, after
accounting for the opportunity cost of holding
quota.
Given this background, it is appropriate to

investigate the potential impact of changing input
and output prices on a typical UK dairy system.
Emphasis in this paper is given to changes in the
milk to milk-quota-leasing price ratio, the cost of
concentrates and the cost of nitrogen fertiliser.
Assuming pro®tability to be the major concern of
producers, the analysis uses a farm-level linear
programming (LP) model to establish optimum
adjustment strategies under the assumption that
producers are `technically e�cient', i.e. producers
are operating on the technically feasible dairy
production frontier for a given combination of
inputs (e.g. Wilson et al., 1998). Following Rams-
den et al. (1996), the costs of non-adaptation are
also calculated to quantify the incentive that exists
to adapt to changes in relative prices. The paper is
arranged as follows. Section 2 discusses some pre-
vious LP models of livestock systems and draws
out the relationships that are important to capture
in modelling farmer adaptation strategies; Section
3 gives an overview of the model structure. In
Section 4, a comparison of model results with
actual farm data for England and Wales is given
for validation purposes and model results for dif-
ferent input±output price combinations and adap-
tation strategies are presented. Section 5 concludes
the paper and considers the implications of the
results for the e�ective management of dairy farms
within the UK.

2. LP modelling of livestock systems

Rigby and Young (1996) combine conventional
farm-level economic models with environmental
sub-models to investigate the impact of environ-

mental regulations on a sample of farms in the
Northwest of England. The models include a fer-
tiliser response ®mction, with greater levels of
nitrogen allowing increased stocking rates. Yield
cowÿ1, is (implicitly) assumed to be independent
of stocking rate and no attempt is made to model
yield response to concentrate use. Killen (1988)
uses a similar approach to model optimum stock-
ing rates under a quota restriction. Within the
constraints of the model, milk production is
assumed to be a function of the amount of nitro-
gen applied to grass and the pro®tability of alter-
native enterprises, with yield cowÿ1 and herd size
being held constant. Berentsen and Giesen (1995)
use a more sophisticated approach, which incor-
porates a `bio-economic' model to determine
energy requirements and dry matter intake cap-
acity for a ®xed level of milk production. Grass
dry matter production is modelled using nitrogen
response functions which are dependent on soil
type and available ground water supply; remain-
ing nutrient requirements are satis®ed from home-
grown maize and fodder beet and/or purchased
concentrates and silage maize.
These approaches all assume a given milk yield,

with the more sophisticated models allowing feed
requirements to be met by a combination of for-
age (grass, silage and other fodder crops) and
concentrates. Total milk output is generally
assumed to be a function of the amount of nitro-
gen applied, with greater amounts of nitrogen
allowing the stocking rate haÿ1 of grassland to be
increased. However, adjustment to changing
input/output price ratios could include more com-
plex changes than are allowed for in these models,
in particular, the option of varying concentrate
feed and milk output levels cowÿ1 is not explored
in any detail. Furthermore, with machinery and
labour costs in 1996±97 representing approxi-
mately 8 and 22% of total costs cowÿ1, respec-
tively (Farrar and Franks, 1998), an analysis of
adjustment strategies over the medium term
should also allow for changes in the level of these
`®xed' inputs. Therefore, in the following section,
we describe a farm level model that attempts to
incorporate a fuller range of adjustment strategies
available to farmers to respond to changing input/
output price ratios.
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3. The farm level model

The model is represented schematically in Fig. 1.
A full algebraic description (with additional notes)
is given in the Appendix.

3.1. Land, labour and machinery components

The model describes an 80-ha farm divided into
four 20-ha rotational blocks within which forage
crops (grass, two cuts of silage and hay) and ara-
ble crops (winter and spring barley) can be grown.
Forage crops are utilised by dairy animals (calves,
heifers and cows) or by beef animals (retained
male calves sold at 18 months). There are two
types of skilled labour available, the farmer and
full-time workers who supply `ordinary' and
`overtime' labour hours; both these categories are
adjusted for social (normal working week, illness)
and seasonal (hours available for outdoor opera-
tions) factors. Additionally, casual and contract
labour can be supplied, up to pre-speci®ed limits;

contract labour is supplied with machinery. These
®ve items make up the total weekly labour supply,
in hours, available to the farm. Skilled labour
is needed to operate machines; these, together
with any contracted machines and machines not
requiring an operator, make up the total machines
on the farm.
Jointly, labour and machinery supply ®eld time:

the weekly hours available at di�erent times of the
year for ®eld operations. There must be su�cient
machines (with ®eld equipment in the case of
tractors) and labour to meet ®eld operation
requirements (i.e. the ®eld workrate coe�cients).
For example, the model cannot draw on addi-
tional casual labour if there is insu�cient machin-
ery capacity to utilise this additional labour. The
time-frame available for di�erent operations cor-
responds to average conditions for southern Eng-
land; crop (including forage crops) operational
requirements cannot be met from ®eld time weeks
outside these boundaries. Timeframes and work-
rates are taken from Nix (1996).

Fig. 1. Model overview.
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Transfer variables ensure that surplus ®eld time
labour can be used for indoor tasks (barn labour
and animal labour) and that there is a distinction
between indoor and outdoor tasks, with the time-
frames for the latter being determined by seasonal
and social factors and the former being deter-
mined only by social factors. The amount of
labour required for animal work is determined by
the number of stock and the animal workrate
coe�cients, again taken from Nix (1996). Casual
labour is not available for stock operations or
specialised ®eld operations such as combining.

3.2. Dairy component

The dairy herd consists of cows, heifers and
calves and the model assumes an autumn calving
pattern. Cows can have annual milk yields of
5000, 6000, 7000, 8000 or 9000 l (Table 1). Annual
milk production is equal to the amount of quota
owned plus quota leased in less quota leased out,
with production resulting from the number of
cows included at di�erent yield levels.
Following Farrar and Franks (1998), herd

replacement rate is assumed to increase as milk
yield increases, to capture the higher culling rates
necessary to maintain high yielding herds. For the
respective yield levels of 5000±9000 l cowÿ1, these
are assumed to be 22.5, 24.5, 26.5, 28.5 and
30.5%. Cows can be replaced by heifers reared on
the farm or by bought-in 2-year old `down-calving'
heifers. Cows are assumed to calve once a year,
with 50% of calves being male and 50% female.
Male calves are sold or retained for the beef pro-
duction; female calves are sold or retained and
reared as replacements for the dairy herd.

The cow labour-workrates for milking are
adjusted for di�erent milking out time require-
ments of di�erent yielding cows, assuming a 6/12
herringbone parlour and a 6000-l standard cow
(Table 2). Thus, as milk-yield cowÿ1 increases, the
labour requirement for milking increases. Weekly
milking time cannot exceed 35 h (equivalent to
two 2.5-h milkings a day). Milk production is
constrained by available quota; production can
be increased by leasing-in quota or reduced by
leasing-out quota as with current policy in the
UK. The decision was taken not to model pur-
chase and sale of quota, ®rst because UK quota is
attached to the holding rather than the producer
and thus transactions tend to be limited to land-
owners. Second, it was felt that the opportunity
cost of holding quota was more appropriately
modelled using leasing: indeed, some 10% of UK
producers retain ownership of quota but lease it
out annually, thus providing a signi®cant pool of
quota for the leasing market (Anon., 1997).

3.3. Beef component

Beef production is assumed to be an 18-month
system; this is the most common lowland beef
production system in the UK not involving spe-
cialised beef dams (Jenkins et al., 1998). In addi-
tion to male animals from the dairy herd, male
calves can be bought in from outside the farm.
Headage payments, payable on male animals only
as part of the CAP's beef support system are paid
at age 10 months, up to a maximum of 90 male
calves.

Table 1

Mean and maximum weekly milk yields for average annual

milk yields used in the model

Yield cowsÿ1

(l yearÿ1)
Mean yield

(l weekÿ1)
Maximum yield

(l weekÿ1)

5000 96.45 160

6000 115.73 192

7000 135.03 224

8000 154.31 256

9000 173.60 288

Table 2

Mean and maximum milking out times (l weekÿ1), assuming a

6/12 herringbone type parloura

Yield

(l cowÿ1)
Mean MOT

(min cowÿ1)
Max. MOT

(min cowÿ1)

5000 3.594 5.116

6000 3.879 5.589

7000 4.165 6.062

8000 4.450 6.535

9000 4.735 7.008

a Total milking out time (MOT) in minutes per milking per

cow=2.75+0.207�(weekly production in kg/14). Source:

MAFF (1981).

204 S. Ramsden et al. / Agricultural Systems 62 (1999) 201±215



3.4. Feed component

The model allows animals to be fed on farm-
produced grass, silage, hay and barley or bought-
in hay and concentrates. Stock weekly-energy- and
weekly-protein-requirements are calculated from
Alderman and Cottrill (1993) using a standard
lactation curve to adjust for weekly milk yield at
each yield level. Feed energy and protein content,
assuming average quality feed and 15% wastage,
are from the same source. Minimum stock diet
quality (energy density) is estimated from recom-
mended diets in Chadwick (1997): this restriction
ensures that only feasible combinations of forage
and concentrates are used to attain a given milk
yield (i.e. to obtain higher yields cows must be fed
not only more feed but feed of a higher energy
density). For example, cows with an annual yield
of 5000 l do not require concentrate supplements
during the grazing season while 9000-l cows do.
Provided these restrictions are met animals can be
fed on any combination of available feedstu�s.
Which combination is selected will depend on the
relative costs of producing or buying each feed-
stu�. A further restriction is placed on calves,
which cannot eat silage until 6 months old.
Forage can be provided from grazed permanent

or temporary grass, two cuts of silage (May and
July) and hay (cut once in June). Silage and hay
`aftermath' grazing are available from 4 weeks
after the last cut. Stock are turned out onto avail-
able grassland from early April to early October.
Weekly grass growth and yield is based on a dou-
ble gaussian function ®tted to a typical growth
curve (Thomas and Young, 1982). The gaussian
function is used as it captures the `double peak'
associated with grass growth in the UK Ð one in
May/June and a smaller peak in September. Fol-
lowing Dowle and Armstrong (1990), a fertiliser
response function is used to estimate dry matter
yields with four levels of fertiliser applied four
times annually; slurry applied between mid-March
and the end of August is included in the nitrogen
budget. Maximum annual grass yield, at the high-
est fertilisation level (400 kg haÿ1), is 11.45 t DM
haÿ1. The three other points on the response curve
are 250, 100 and 0 kg haÿ1 giving 80, 50 and 26%
of the maximum yield respectively. The model

allows fertilisation of areas of grass at di�erent
rates (e.g. 10% of grazing grass could be fertilised
at 400 kg haÿ1, 20% at 250 kg haÿ1, and 70% at
100 kg haÿ1). For hay and silage the amount of
dry matter conserved is dependent on the cumula-
tive grass growth until cutting time for each ferti-
lisation level, later cutting produces greater yields.
Wastage of grass is assumed to be 10% if grass is
cut for silage and 15% if cut for hay.
The capacity to substitute di�erent feedstu�s

gives the model the necessary ¯exibility to respond
to changes in output and input prices. For exam-
ple, as nitrogen prices fall, the additional grass
produced can substitute for concentrate at a given
yield cowÿ1. Under the same scenario, the model
can also increase the number of stock carried haÿ1

subject to other constraints. However, in practice,
due to poaching, milk yield cowÿ1 will decline
as stocking rate increases (Thomas and Young,
1982). Therefore, total stocking rate is constrained
not to exceed two livestock units on the propor-
tion of land available for grazing; livestock units
animalÿ1 are as given in Nix (1996).

3.5. Machinery and labour costs

Owned machine operating costs (fuel and
repairs) and annual ownership costs (depreciation,
interest, tax, insurance) were calculated from Nix
(1996). Ownership costs are speci®ed for tractors,
trailers, grass conservation equipment, fertiliser
and spray application equipment, cultivation and
drilling equipment and combined harvesters. Fuel
and repair costs were assumed to be linearly rela-
ted to machine usage. All ®eld activities can be
contracted out up to a maximum of two con-
tractors for each operation each week; silage and
hay conservation, if contracted out, must be con-
tracted out in entirety. Annual labour costs were
also taken from Nix (1996). Other costs within the
model (e.g. parlour equipment and cattle housing)
are assumed to remain ®xed.

3.6. Objective function

The objective function is the maximisation of
farm net margin, i.e. total annual output net
of variable, labour (full-time and casual)
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and machinery (owned and contract) costs of
production.
In total, the model has 9674 columns and 5881

rows, making it substantially larger than the LP
models discussed in Section 2. Model size re¯ects
the detailed speci®cation of physical relationships
between di�erent levels of nitrogen and available
forage (and, therefore, stocking rate), levels of
di�erent feeds and milk yield, milking out times,
breeding herd depreciation, alternative sources of
labour and machinery, integration of labour and
machinery constraints and distinction between
indoor and outdoor tasks. Furthermore, all pro-
duction relationships are speci®ed on a weekly
basis, thus enabling changes in resource avail-
ability and use over the farming year to be fully
represented.
The model matrix was generated with MP-

MODEL and solved with MP-OPT (DASH,
1997). MP-MODEL matrix generation code is
available, on request, from the authors. Results
were recorded and are presented and discussed in
the following section.

4. Results and discussion

The model was run with price levels for milk,
quota-leasing, nitrogen fertiliser and concentrate
set at average levels for sample farms in the
``Highest Quartile Net Margin per Hectare'' cat-
egory in the Farrar and Franks' survey, under the
assumption that these higher performing farmers
would better represent technically e�cient levels
of production. Model results and for the sample
farms are shown in Table 3.
The model chooses the maximum number of

cows possible (given the stocking rate limit) at the
highest possible yield level. This results in greater
concentrate use and herd depreciation than the
survey ®gures. The model chooses silage rather
than hay as a method of grass conservation; how-
ever, less silage is fed than on the survey farms, with
more nitrogen being included to grow `fresh' grass
(10.8 t cowÿ1, assuming a dry matter content of
20%). Overall, the results typify a higher input±
output system than the survey ®gures; a priori we
would expect this given the technically optimal

feed input±output relationships de®ned in the
model.

4.1. Changes in the milk/quota-leasing price ratio

Table 4 shows the results of varying the milk
price from £0.14 to £0.25 lÿ1 with concentrate,
nitrogen and quota-leasing set at baseline (Nix,
1996) levels of £0.133 kgÿ1 dry matter, £0.39 kgÿ1

and £0.08 lÿ1, respectively. This gives a range of
milk to quota-leasing price ratios of 1.8±3.1. Full
time labour is initially set at one full-time worker;
all other integer inputs are variable.
As expected, increasing milk price increases the

number of dairy cows, the yield cowÿ1 and hence
total milk output. Forage intake (grass and silage)
declines from 4.91 to 3.96 t cowÿ1; concentrate use
increases from 0.93 to 3.32 t cowÿ1. Nitrogen
applied haÿ1 increases as stocking rate increases
up to the limit of 2 livestock units haÿ1. The
restriction on labour available, together with the
increased milking time required for higher yielding
cows, makes it more pro®table to switch to con-
tract silaging of grass, thus allowing a greater
number of higher yielding cows to be milked as
price increases. To accommodate the increased
number of dairy cows within the stocking rate

Table 3

Comparison of model results with highest quartile net margin

haÿ1 farms from a survey of dairy farms in England and Walesa

Variable Model Top 25%

net margin

Grassland area (ha)b 75 73.37

No. of cows 92 119.7

Total milk (l) 827,436 775,297

Milk yield (l cowÿ1) 9000 6477

Milk price (£ lÿ1)b £0.2535 £0.2535

Lease-quota price (£ lÿ1)b £0.113 £0.113

Total quota (l)b 774,522 774,522

Quota leased in (l) 52,914 775

Concentrate (t cowÿ1) 3.84 1.71

Silage (t cowÿ1) 6.93 9.7

Concentrate per litre milk (kg lÿ1) 0.43 0.26

Stocking rate (cows haÿ1) 2.0 2.02

Nitrogen (kg haÿ1) 278 226

Replacement rate (%) 30.5 28.3

a Farrar and Franks, 1998 (p. 153).
b Pre-set in the model.
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limit, the model buys in half the required replace-
ment heifers (at a replacement rate of 0.305) at
milk prices over £0.22 lÿl. The only change in
integer input levels occurs between £0.17 and
£0.18 lÿ1, with the model buying in contract
machinery and labour for all silaging operations at
£0.18 lÿ1 and above. This again enables farm-
supplied labour to satisfy the greater milking out
time requirements of higher yielding cows.
The model leases out quota over the milk price

range £0.18±0.14 lÿ1. A milk to quota-leasing
price ratio of £0.18±0.08 is typical of current
(1999) market conditions in the UK, at this ratio
14% of the available quota is leased out. Remov-
ing the capacity to lease out quota over this price
range incurs an opportunity cost of between £6362
and £11,745 in net margin (Table 5); without the
availability of leasing the model meets the farm's
quota through 91 `6000' l cows at each price level.
Allowing the amount of full-time paid labour to
vary and comparing net margins (Table 6) shows
that there is a further penalty, increasing as the
milk to quota-leasing price ratio falls, in not
adjusting the full-time labour input.
To explore the extent to which input substitu-

tion is possible, the model was run with only one
choice of dairy cow (6000 l). Over the milk price
range of £0.14±0.25 lÿ1, concentrate use increases
by a small amount, from 1.32 to 1.44 tÿ1 (equiva-
lent to an increase in concentrate cost of £176±
192 cowÿ1). Forage intake declines from 5.02 to
4.84 t of dry matter cowÿ1 and fertiliser use
increases from 159 to 305 kg haÿ1 as stocking rate
increases. Restricting yield cowÿ1 to 6000 l thus
limits the possibility of substitution between grass
and concentrates as price ratios change; this
restricts the extent to which the model can pro®t-
ably adjust to changing price ratios. At a milk
price of £0.25 lÿ1, the reduction in net margin is
£19,772, or 18.4% compared to the unrestricted
case. Restricting the model to choose from only
9000-l cows at a milk price of £0.14 lÿ1 reduces net
margin by £22,273, or 71% compared to the
unrestricted case. Thus, there are substantial
®nancial penalties in not adjusting yield cowÿ1 to
changing relative prices, particularly for high
yielding herds in a situation of falling relative milk
output prices.T
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The above analysis assumes that quota-leasing
prices remain unchanged as milk prices fall: his-
torically, UK quota-leasing prices have moved
in the same direction as milk prices. The results in
Table 4 show that under baseline conditions for
concentrate and nitrogen prices, a margin between
milk price and quota-leasing price of £0.11 lÿ1 is
su�cient to favour cows producing 9000 l headÿ1.
Thus, assuming this margin to be maintained, a
milk price of £0.14 lÿ1 and, therefore, a leasing
price of £0.03 lÿ1 would result in 87 `9000'-l cows
being chosen by the model, although at a much
reduced net margin.

4.2. Variation in nitrogen and concentrate prices

Net margin and mix of beef and dairy animals
are less responsive to changes in nitrogen price
(Table 7). Due to their lower forage requirements,
beef animals substitute for dairy animals as the
cost of producing grass increases and stocking rate
falls by a small amount. Dairy cow forage con-
sumption shifts towards silage and away from
grazing, total forage consumption declines
from 5.01 to 4.84 t cowÿ1 and concentrate use

cowÿ1 increases. For concentrates, an increase in
price from £110 to £125 shifts production from
9000-l cows to 6000-l cows (Table 8), with an
accompanying increase in forage use and nitrogen
applied per hectare. Results are stable for con-
centrate prices between £130 and £145, after which
the model substitutes beef cows for dairy cows.
Although the model allows production of home-

grown cereal feed, it has not so far allowed for
bought-in cereals Ð for example feed barley Ð to
form part of the cows' diet. If we assume that the
15% reduction in intervention support, proposed
as part of Agenda 2000, will lead to a 15% fall in
feed cereal prices from the £73 tÿ1 typical of the
1998±99 marketing year, we arrive at a price of £63
tÿ1. Running the model with the option of buying
in feed barley at this price, with concentrate price
held at £110 tonneÿ1 and a milk to quota-leasing
price ratio of 2.3, results in a net margin £26,000
greater than the equivalent run without avail-
ability of barley (Table 8). More cows at 9000 l are
included in the model solution and more milk is
produced. Less concentrate is fed to each cow;
however, nitrogen application increases to the
maximum possible amount allowed by the model
(400 kg haÿ1) and more grass and silage are fed to
each cow. Thus, as cereal prices fall, utilisation of
forage, particularly silage, increases (under ceteris
paribus conditions). The explanation for this lies
with the lower metabolisable protein content of
barley compared to silage (82 and 99 g kgÿ1,
respectively). Hence, the increased use of barley in
the model is balanced by an increase in use of
silage. If we allow the model to buy-in a protein-
based feed such as rapeseed meal, nitrogen appli-
cation falls to a more typical 223 kg haÿ1.

5. Summary and conclusions

It is important to emphasise that the results are
dependent on the assumptions on which the model
has been constructed, particularly the assumption
of technical e�ciency in relation to protein and
energy requirements at each milk yield level.
However, the incorporation of variable feed input
and milk output levels, substitution between feed
inputs, variation in nitrogen use and stocking rate

Table 6

Results with and without availability of full-time labour

Milk price

(£ lÿ1)
Net margin

with no full-time

labour (£)

Net margin

with hired

labour=1 (£)

Di�erence

(£)

0.18 51,940 47,398 4542

0.17 48,441 41,732 6709

0.16 46,221 37,292 8929

0.15 44,651 33,375 11,276

0.14 44,404 31,526 12,878

Table 5

Results with and without availability of quota-leasing

Milk price

(£ lÿ1)
Net margin

with leasing (£)

Net margin

without

leasing (£)

Di�erence

(£)

0.18 45,635 39,273 6362

0.17 41,022 30,701 10,321

0.16 36,642 25,241 11,401

0.15 33,118 22,893 10,225

0.14 31,526 19,781 11,745
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and variable levels of labour and machinery does
allow a comprehensive range of adaptation strat-
egies to be modelled. If attention is directed to
the changes that occur across Tables 4, 7 and 8,
rather than absolute values at each price ratio,
we can draw the following conclusions. The results
demonstrate the sensitivity of UK dairy pro®t-
ability to reductions in the price of milk relative
to input prices and the type of response that is
possible whilst meeting stock energy and protein
requirements at di�erent yield levels. With con-
centrate, nitrogen and quota-leasing prices of
£0.133 kgÿ1, £0.39 kgÿ1 and £0.08 lÿ1, respec-
tively, as milk prices fall below £0.18 lÿ1, there
exists a large pro®t incentive to lease out quota,
reduce the number of dairy cows, milk output
cowÿ1, concentrate fed and the amount of full-
time labour. Under the assumed dietary require-
ments and feed availability used in the model, the
scope for maintaining a given yield and adjusting
the relative amount of concentrate and forage fed
cowÿ1 in response to lower milk prices is more
limited, particularly for high yielding cows. The
corollary of this is that the penalty for maintaining
relatively low yields as milk price increases is high:
nearly £20,000 at £0.25 lÿ1 and a ®xed yield of
6000 l cowÿ1.
Current (1999) margins between milk and

quota-leasing prices are in the region of £0.11 lÿ1:
model results show that a smaller margin (higher
leasing price or lower milk price) shifts production
towards a lower input±output system. However, a
£0.11 lÿ1 margin combined with lower concentrate
prices favours a high input±output system. With
cereal-based feedstu�s becoming less expensive
under Agenda 2000, and reform of the EU dairy
regime being postponed until 2005, technically
e�cient farmers in the UK will maintain pro®t-
ability by continuing with strategies based on
high-yielding cows being fed high levels of con-
centrate feeds. As one of the major themes of the
next round of World Trade Organisation negotia-
tions will be continued reduction in agricultural
protection, it is interesting to consider how tech-
nically e�cient UK dairy farmers would respond
to wider reform of the EU dairy regime; speci®-
cally the removal of production quotas and world
market prices for milk. Providing the world market

price for milk (currently £0.16 lÿ1, Milk Develop-
ment Council, 1998) remains at or above £0.11 lÿ1

technically e�cient UK dairy farmers would ®nd
it pro®table to continue with a high input±output
system, albeit at a much reduced net margin, as
the return to quota falls to zero. This suggests that
these farmers would be able to compete with
farmers in major milk product-exporting countries
such as New Zealand.
Finally, although a full speci®cation of a UK

dairy farm has been attempted here, there still
remain further interesting possibilities for future
research. With respect to dairy production, the
interaction between stocking rates and grass
growth and yield and hence individual animal
performance requires further work. More gen-
erally, farm economic models require better infor-
mation on the available weekly hours for animal
grazing and ®eld operations: linking economic
models with models describing crop growth and
soil workability at di�erent times of the year
would be a signi®cant development.
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Appendix

Notation

CROPbc number of ha of crop
c (c=1. . .6) in each block b
(b=1. . .4)

FREEbc number of ha free in block b
rotated against crop c in block
b+1

CCOEFca work rate for activity a
(a=1. . .23) of crop c (h haÿ1)

CLABcaw,
CONTcaw

hours of labour and contract
labour used for activity a of
crop c in week w (w=1. . .52)

LANDca,
NOLANDca

switch for activity a of crop c
that uses land or no land

210 S. Ramsden et al. / Agricultural Systems 62 (1999) 201±215



WLANDcaw ha of land used for activity a
of crop c in week w

SLABsw hours of labour used for
stock s (s=1. . .8) in week w

STOCKs number of stock s
SCOEFsw hours of labour required by

stock s in week w
SLURw,
SCONTw

weekly labour and contract
labour used for slurry
spreading in week w

FSLACKw,
ASLACKw

unused ®eld and stock labour
in week w

OTw, FOTw,
SOTw, BOTw

total, ®eld, stock and barn
overtime in week w

CASw, FCASw,
BCASw

total, ®eld and barn casual
labour in week w

FARMFTw,
FARMSTw

available farmer ®eldtime and
stocktime in week w

LABFTw,
LABSTw

available labourer ®eldtime
and stocktime in week w

MAVAILw,
OTAVAILw

available machine time and
overtime in week w

MTIMEwm machine time for machine m
(m=1. . .14) used in week w

MNUMm

MOPRm

number of machines m owned
number of operators required

MUSEcam,
MSLURm

machines m required for
activity a of crop c or slurry
spreading

MFRACcam fraction of activity a of crop
c that requires machine m

ROTbcp switch that allows crop c in
block b to follow previous
crop p ( p=1. . .6)

SACROPc switch that speci®es crop c
as a set-aside crop

BHEIF,
BMCALF1W,
BWALF1Y

heifers, 1-week-old male
calves, 1-year-old male calves
bought in

MCALF,
FCALF

male and female calves retained

SMCALF,
SFCALF

male and female calves sold

LUs livestock unit of stock s
RRs replacement rate of stock s
THEAD,
HEAD

total beef head payment,
payment per head

GCROPc switch that de®nes crop c as
a grazing crop

GPROPc proportion of grazing crop c
used for grazing

MILK annual milk production (1)
MILKQ,
LEQ, UNQ

litres of milk quota owned,
leased in and leased out

MILKTsw hours taken to milk stock s
in week w

FGRASSlc ha of crop c fertilised at level 1
(1=1. . .4)

TFOODsfw,
GFOODfw,
BFOODfw

total kg dry matter of food
f ( f=1. . .6), grown and
bought in week w and fed to
stock s

GTIMEcw crop c in week w available for
grazing

GYIELD1w,
GCUMY1w

kg/ha DM grass yield and
cumulative yield in week w
at fertilisation level 1

HAYLAB1w hours cutting hay fertilised at
level 1 in week w

TSLURs,
GSLUR

total slurry produced by stock
s and used for fertilisation

USPREw weeks in which slurry can be
used for fertilisation

NBUY,
FRATE1

kg nitrogen bought, and rate
of application at rate 1

ENREQsw,
MPREQsw,
DMREQsw

stock s energy, protein and
dry matter requirement in
week w

FOODMJf,
FOODMPf,
FOODDMf

food f energy, protein and
dry matter contents

MDREQs stock s energy density
requirement

Land and labour

Land is allocated only to the crop activities
that require land, determined by the LAND
switch (values 0 or 1). The slack variables,
FSLACK and SSLACK, transfer unused labour
from ®eld activities to animal activities and from
animal activities to barn activities, respectively.
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X6
c�1

CROPbc �
X6
c�1

FREEbc � 20 8b �1�

CLABcaw � LANDca � CONTcaw

� LANDca � CCOEFca

�WLANDcaw 8c; a;w
�2�

X6
c�1

X23
a�1

WLANDcaw480ÿ
X4
b�1

X6
c�1

FREEbc 8w �3�

X52
w�1

CLABcaw �
X52
w�1

CONTcaw �

X4
b�1

CROPbc � CCOEFca 8c; a
�4�

SLABsw � STOCKs � SCOEFsw 8s;w �5�

X6
c�1

X23
a�1

CLABcaw � LANDca�

FSLACKw � SLURw � FARMFTw�
LABFTw � FOTw � FCASw 8w

�6�

X8
s�1

SLABsw � SSLACKw

� FARMSTw � LABSTw � FSLACKw 8w �7�

X6
c�1

X23
a�1

CLABcaw �NOLANDc;a

4SSLACKw � BOTw � BCASw 8w
�8�

CONTcaw42�MAVAILw 8c; a;w �9�

OTw � FOTw � SOTw� BOTw 8w �10�

OTw4OTAVAILw 8w �11�

CASw � FCASw � BCASw �12�

Machinery

The MFRAC variable allows a ®xed workrate
to be used for operations that consist of more than
one machine; e.g. harvesting winter barley consists
of both combining equipment and grain transpor-
tation equipment. MFRAC variable determines
the proportion of the overall labour workrate
required for each type of machine (e.g. out of
2.1 h required for barley harvesting, 0.6 are
required for combining, giving a combine
MFRAC value of 0.286).

MTIMEwm �
X6
c�1

X23
a�1

CLABcaw �MUSEcam

�MFRACcam � SLURw

�MSLURm 8w;m �13�

X16
m�1

MTIMEwm �MOPRm � FARMFTw

� LABFTw � FOTw ÿ FSLACKw 8w
�14�

MTIMEwm4MNUMm �MAVAILw 8w;m �15�

Rotations (e.g. for block 2)

The ROT constant (values 0 and 1) speci-
®es which crops can be grown in which block,
and which crop they can follow.

CROP2c4
X6
p�1

CROP1p �ROT2cp

� FREE1c 8c �16�

Milk production, quota and time

MILK � STOCK1 � 5000� STOCK2�
6000� STOCK3 � 7000� STOCK4�
8000� STOCK5 � 9000

�17�
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MILK �MILKQ� LEQ ÿUNQ �18�

X6
s�1

STOCKs �MILKsw435 8 w �19�

Cow replacement and stocking rate

STOCK7 � BHEIF5
X5
s�1

STOCKs �RRs �20�

FCALF � STOCK7 �21�

MCALF� BMCALF1Y � STOCK8 �22�

MCALF� SMCALF �
X5
s�1

STOCKs�

0:5� STOCK7 � 0:5� BMCALF1W

�23�

FCALF� SFCALF �
X5
s�1

STOCKs � 0:5

� STOCK7 � 0:5

�24�

STOCK6 �MCALF� FCALF �25�

X6
s�1

STOCKs � LUs4
X4
b�1

X4
c�1

CROPbc

�GPROPc � 2

�26�

Beef headage payments

THEAD� STOCK8 �HEAD �27�

THEAD4HEAD� 90 �28�

Grass production

The GTIME constant (values 0 or 1) ensures
that grass for grazing is only available during spe-
ci®ed periods.

X4
b�1

CROPbc �
X4
l�1

FGRASS1c c � 1; 2; 3; 4 �29�

GFOOD1w � SURPGw

�
X4
l�1

X4
c�1

FGRASSlc �GTIMEcw

�GYIELDlw � 0:95 8 w �30�

Forage production (e.g. for hay)

X4
l�1

HAYLABlw � CLAB27w � CONT27w 8 w �31�

FGRASSl2 � CCOEF27 �
X52
w�1

HAYLABlw 8 l �32�

X52
w�1

GFOOD2w � CCOEF27

4
X4
l�1

X52
w�1

HAYLABlw �GCUMYlw � 0:85

�33�

Slurry production and nitrogen budget

X52
w�1

SLURw � 4�
X52
w�1

SCONTw � 4

�
X8
s�1

STOCKs � TSLURs �34�

X52
w�1

SLURw �USPREw � 4�
X52
w�1

SCONTw

�USPREw � 4 � GSLUR

�35�

NBUY �
X4
l�1

X6
c�1

FGRASSlc � FRATEl

ÿGSLUR� 0:005� 1000

�36�
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Feedstu�s fed to animals

X8
s�1

TFOODsfw4BFOODfw

�GFOODfw 8 f;w �37�

STOCKs � ENREQsw � 1:05

4
X6
f�1

TFOODsfw � FOODMJf � 0:85 8 s;w �38�

STOCKs �MPREQsw � 1:05

4
X6
f�1

TFOODsfw � FOODMPf � 0:85 8 s;w �39�

STOCKs �DMREQsw � 1:05

4
X6
f�1

TFOODsfw � FOODDMf � 0:85 8 s;w �40�

X6
f�1

TFOODsfw � FOODMJf

5
X6
f�1

TFOODsfw �MDREQs 8 s;w
�41�

Cash crops grown for feed

X52
w�1

GFOOD5w � FEED5 � CYIELD5�

DM5 � 1000

�42�

X4
b�1

CROPb5 � FEED5 � SELL5 �43�

Objective function

The objective is the maximisation of net farm
margin. SGM is cash crop gross margin, FVC feed
crop variable cost, CMILK milk price, CQ quota-
leasing price, STGM stock gross margins excluding
milk, calf, and forage costs, CBMC1W the price of

a 1-week-oldmale beef calf, CBMC1Y the price of a
1-year-old male beef calf, CSMC1W the price of
a 1-week-old male dairy calf, CSFC1W the price
of a 1-week-old female dairy calf, CH the price of
a down-calved heifer, FC feed cost, NC nitrogen
cost, COT overtime cost, CCAS casual labour cost,
CCONT contractor cost, CSCONT slurry con-
tractor cost, MCOST annual machine ownership
cost and HFREP hourly machine running cost.

X6
c�1

SELLc � SGMc �MILK� CMILK

�UNQ� CQÿ LEQ� CQ�
X8
s�1

STOCKs

� STGMs � THREADÿ BMCALF1W

� CBMC1W

ÿ BMCALF1Y� CBMC1Y� SMCALF

� CSMC1W� SFCALF� CSFC1W

ÿ BHEIF� CHÿ
X6
f�1

X52
w�1

BFOODfw � FCf

ÿNBUY�NCÿ CLABÿ
X52
w�1

OTw � COT

ÿ
X52
w�1

CASw � CCASÿ
X6
c�1

X23
a�1

X52
w�1

CONTcaw

� CCONTcaw ÿ
X52
w�1

SCONTw � CSCONT

ÿ
X14
m�1

MNUMm �MCOSTm

ÿ
X52
w�1

X14
m�1

MTIMEwm �HFREPm �44�
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