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Pohjonen, V. 1975. A dynamic model for determining the optimum cutting
schedule of Italian ryegrass. J. Scient. Agric. Soc. Finl. 47: 71 137.

Abstract. A quantitative approach to the determination of the optimum cutting
schedule of Italian ryegrass {Lolium multiflorum Lam.) was presented. Optimization
was based on a dynamic growth model which included the concepts crop growth rate,
developmentrate and proper growth rate. The proper grwoth rate measured the growth
potential associated with the stages of development in the sward.

The crop growth rate of Italian ryegrass was studied at the Arctic Circle Experiment
Station during 1973 and 1974. The proper growth rate was determined from primary
observations as the derivative of an ordinary logistic curve which passes through origin.
The maximum theoretical daily growth of Italian ryegrass was calculated as approx.
300 kg • ha"1

• day" 1.

The optimum cutting schedules using gradient method were sought for Italian rye-
grass sward. First, the maximum total dry-matter yield was looked for. Then the max-
imization was extended to the case, when the yield was weighted with the digestibility
of the dry-matter. The maximum yield was obtained when the sward was cut three
times, and when the cuttings were concentrated into the latter half of the growing season.
The yield of the optimum cutting schedule was not sensitive to small changes in the
cutting dates. In the conditions of Finnish Lapland the optimum cutting schedule of
Italian ryegrass was: first cut at the end of July, second cut at the end of August and
the third cut at the end of September.

1. Introduction

Apart from some abiotic and biotic environmental factors such as fertiliza-
tion, the water balance of the soil and the density of the ley, the size and quality
of the annual yield of sown grassland can also be affected by the dates chosen
for cutting. The dates can be selected within the growing season for example
so that dry-matter production is maintained at as high a level as possible. In
order to ensure that as much as possible of the incoming radiation is bound
■during the growing season, the cutting dates should be arranged according to
a specific plan (Cooper 1966).

The optimum cutting schedule for a silage ley can be defined as the choosing
of cutting dates within the growing season such that the total yield obtained
as the sum of the separate cuttings is maximised. For example, the total dry-
matter yield itself can be maximised. However, this is not sufficient since in
grassland management another form of output is regarded as being more useful.
For example it is possible to weight the dry-matter yield with the crude protein
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content. An even better method would be to use the digestibility of the dry-
matter since only that part of the dry-matter yield which is used in secondary
production (by ruminants) is maximised. In practise, a farmer will also include
costs; as far as he is concerned an optimum cutting schedule maximises the final
result in economic terms.

The optimum cutting schedule varies from one growing season to the next
since it is affected by the prevailing weather conditions. During an unfavourable
summer the maximum possible total yield can be such that two cuttings suffice,
but if the summer is favourable then three cuttings are required (cf. Mela
1974). For this reason, the optimum cutting schedule must to some extent be
tied to the weather conditions. It has to be dynamic: the cutting dates must
be flexible so that they can be changed as the growing season requires.

The main principle involved in the maximization of the total yield is that the
cuttings are selected within the growing season such that the daily growth of
the ley is maintained at as high a level as possible (Cooper and Breese 1971).
For example, the primary growth should not be cut at such an early stage of
development that its growth potential is not exploited to the full, or at such
a late stage of development that the growth potential has already fallen below
that of the aftermath which follows the cutting.

The aim of this study is to approach the bases which can be used to deter-
mine the optimum cutting schedule for Italian ryegrass (Lolium multifloruni
Lam.) growing under the agricultural conditions typical of southern Finnish
Lapland. The scope of the study is restricted to leys which can be considered
to be as non-varying as possible; fertilization, sowing quantity, variety etc.
do not vary. Thus the cutting dates and the uncontrollable weather conditions
are the only variables.

The study is divided into three parts. In the first part the determination of
the development rate and stage of development of Italian ryegrass is studied.
In the second part a dynamic model is constructed using these concepts for
the quantification of the crop growth rate of Italian ryegrass. In the third
part the model is used to determine the optimum cutting schedule of Italian
ryegrass under field conditions. The total dry-matter yield is first maximised.
Maximization is then extended to the case where the dry-matter is weighted
with a factor which depends on the digestibility of the dry-matter.



79

2. Experimental leys

The development and growth of Italian ryegrass was studied in 1973 and
1974 at the Arctic Circle Experiment Station, situated near Rovaniemi (66° 35'
N). The experimental leys were grown on a homogenous cultivatedbog (Carex
peat) drained by covered ditches. The pH(H 2 0) of thepeat in the experimental
area was approx. 5; as regards nutrient status, it was better than that of the
average type of peatland area under cultivation in the province of Lapland.
The moisture conditions in the experimental leys were good except during
a hot spell at the end of June and beginning of July 1973, which lasted for about
two weeks.

Tetraploid Tetila Barenza variety, developed in Holland (Wit 1958), was
used in the study. This variety is marketed in Finland under the name Barmultra
(Raininko 1970). The leys were sown using a tractor seed drill (when the
ground was firm enough to take a tractor), by hand or using a seed drill design-
ed for use in small experiments (Planet Jr.). A sowing rate of 50 kg-ha -1 was
used.

The leys were fertilized at levels higher than is normally used for perennial
leys. According to the earlier experiences attained at the Arctic Circle Exper-
iment Station the following basic fertilization was used; 1000 kg-ha -1 super-
phosphate (87 kg-ha -1 P) and 500 kg-ha -1 potassium chloride (250 kg-ha -1 K.)
Nitrogen fertilizer, 435 kg-ha -1 urea (200 kg-ha -1 N), was applied to the
primary growth after seedling emergence and again to the secondary growth
after each cutting. Such a strong fertilization treatment was used partly
because Italian ryegrass is better able to utilize fertilizers than perennial
leys (cf. Schieblich 1956) and partly because as intensive level of devel-
opment and growth as possible was required during the study period.



80

3. Rate of development of Italian ryegrass

3.1. Development rate and development stage

During ontogeny of a plant a number of phenomena can be observed; for
instance the sprouting of roots and shoots, the emergence of leaves, flowering
and the formation of seeds, and the death of a mature individual (Street and
Öpik 1970, p. 209). Such phenomena are termed development stages. Hari
(1968) presents the following quantitative definition for development stage:

t

s(t) = JM(X(t))dt
O

(3.1)

He calls the quantity s, the relative age of the plant or the physiological
stage of development. Function M is the development rate of the plant, and
describes the rate at which the development of an individual takes place. The
development rate is dependant upon the state of the environment X = (x,
y, . . . , z), which is represented by the temperature (x), the intensity of in-
coming radiation (y), soil moisture (z) etc. The environmental state varies with
time t, i.e. X = X(t). It can be shown (Hari 1972), that both the chronological
time (age) and the heat units accumulated during ontogeny are included in the
physiological stage of development as special cases.

If the value of the physiological stage of development of the plant is known
for each instant: s = s(t), the development rate can be calculated as a time
derivative of the development stage according to equation 3.1:

ds
M =

dt
(3.2)

Concepts corresponding to the physiological stage of development have
heen used more recently, for example Development Stage, DVS (De Wit
et al. 1970, 1971) and »cycle interval in the annual cycle of development of
forest trees» (Sarvas 1970, 1972). Kish et al. (1972) attempted to enlarge the
heat unit theory by including soil moisture in the calculation. They were able
to predict rather exactly the maturing of snap bean (Phaseolus vulgaris L.)
using a new concept connecting temperature, soil moisture and time SMGDH
(soil moisture growing degree hours). Cross and Zuber (1972) and Mederski
et al. (1973) for example have attempted to improve the ordinary heat unit
calculation methods for predicting the flowering and maturing dates of maize
{Zea mays L.).
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The development rate of plants growing in the temperate zone and under
long day conditions is generally presumed to depend mainly on the temperature
(e.g. Utaaker 1968, De Wit et al. 1970, Sarvas 1972). The moisture conditions
in the soil must be high enough to enable the turgor pressure of the plant to
be maintained. De Wit et. al (1970) measured the development rate of oats
(Avena saliva L.) and maize as a function of temperature (Fig. 1). The scale

of the development stage was chosen such that at the time of seedling
emergece it has the value zero, and when the male flowers appeared it has
the value one. The dimension of the development rate is thus expressed
as units of day-1

.

Sarvas (1972) measured the development rate of some deciduous species
during the »active period» (Fig. 2). He studied the duration of meiosis in aspen
(Populus Iremula L.) and the time taken for catkins to open in birch (Belula
verrucosa Ehrh. and B. pubescens Ehrh.) at different constant temperatures.
Sarvas expressed unit development rate using the concept period units
per hour (p.u./h.). It is defined such that the rate of progress of the active
period is one unit per hour when the temperature remains constant at 5° C.

Dahl and Mork (1959) observed that the daily height growth or Norway
spruce (Picea ahies (L.) Karst.) and the theoretical cumulative dark respiration,
as measured in the laboratory, are strongly correlated with each other. Hari
et al. (1970) used this observation and postulated that the dark respiration
intensity of plants indicates as such the development rate. Dark respiration

Tig. 1. The relationship between temperature and development rate of a maize and oat
variety at a daylength of 14 hours (De Wit et. al 1970).
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can be measured at constant temperature and thus the dependance of develop-
ment rate on temperature can be estimated. The same assumption was also
used by Pohjonen and Hari (1973) when studying the growth of the aftermath
of Italian ryegrass. Unit dark respiration is a relative value only. Physiological
development stage values calculated from it are thus relative values which
lack any concrete descriptive ability.

The development rate can be calculated as a function of temperature from
measurements carried out in a growth chamber under constant conditions as
follows. Let us for example describe the development rate by means of the
proceeding rate of mitosis. Mitosis starts at time tx and ceases at time t 2. The
duration of mitosis Tis thus the chronological time interval t 2 —tr Generally
it is longer, the lower the temperature is (Fig. 3). Let us measure the
duration of mitosis at different constant temperatures: T = T(x). The
physiological development stage at the start of mitosis is zero, and when
mitosis ceases it is given the value one (see earlier). According to equation
3.1, we can write

*2
1 = J M(x(t))dt

ti

(3.3>

Since temperature does not change with time under constant conditions, equa-
tion 3.3 yields

1 =M(x) • (ts-tj or
(3.4>

1 = M(x) • T(x)

Fig. 2. Rate of progress of the active period of Populus tremula, Betula verrucosa and B.
pubescens as a function of temperature, according to Sarvas (1972).
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The development rate M(x) can be solved from equation 3.4. It is a reciprocal
function for the dependance between the measured duration of mitosis and the
temperature:

M(x) =

T(x)
(3.5)

The method employing constant temperature conditions, used for the de-
termination of development rate, is fast and simple. However, there are dis-
advantages. The assumption must be made that the results as such can be
applied to natural conditions. In addition, it must be assumed that ther-
moperiodicity (Went 1948) has no effect, i.e. the development rate is
the same at constant temperatures as in corresponding variable temperature
■conditions. However, this does not always have to be the case since Evans
(1963), for instance, observed that tomato plants (Solanum lycopersicum L.)
grew better when the temperature was allowed to fluctuate by ± 2° C from
constant temperature. Sugar beet (Beta vulgaris L.) and potato (Solarium
tuberosum L.) have also been found to grow better when the temperature is
varied (Monteith and Elson 1971).

Development rate measurements carried out in a growth chamber require
rather complicated equipment which is usually lacking in most research insti-
tutes. In the following a method is presented for determining the development
rate from field measurements. The assumptions mentioned above are not
required, and the only instrument needed is a thermograph.

Fig. 3. The duration (T(x) hours) of the time interval between development stages at different
constant temperatures. The duration of mitosis in Vida faba L. is used as an example (Evans
.and Savage 1959).
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3.2. Development rate experiment

3.2.1. Material

The primary growth of an Italian ryegrass sward was cut at 8 o’clock in
the morning on a small area (0.5 m X 0.5 m) leaving a 5 cm stubble (Fig. 4).
Fifty shoots were chosen from the stubble inside each plot, and then checked
every morning at 8 o’clock to see how many of them had grown to a height of
at least 10 cm from the cutting height. During the warm period in the middle
of summer the shoots were also checked at 8 o’clock in the evening.

The time, to within one hour, which each plot took from the cutting time
up to the instant when half of the cut shoots had grown 10 cm from the cutting,
height, was calculated. Temperature was recorded on a thermograph, the
probes being situated at a height of 25 cm above the ground. The temperature
at hourly intervals was taken from the recording drum. The experiment com-
menced on 1973—o6 26 and was terminated on 1973—O9 25. Altogether
66 plots were used.

3.2.2. Determination of development rate
The abbreviations proposed by De Wit et al. (1970) are used in this study.

Thus DVR means Development Rate and DVS Development Stage. Let
us assume that the development rate of Italian ryegrass is affected only by
temperature, and that the development rate is represented by the speed at
which the aftermath grows to a height of 10 cm from the cutting height. Let
us first normalize the DVR so that it has the value 1.0 when the temperature
is 10° C, i.e. M(10) = 1.0 (cf. Utaaker 1968). Subsequently the DVS of Italian
ryegrass increases by one unit on those days when the temperature remains-
constant at 10° C (Pohjonen and Hari 1973, cf. Cleary and Waring 1969).

The temperature dependance of the development rate can be examined
starting with a linear example (Fig. 5), where no development takes place in
the sward if the temperature is < 5° C, and where the development rate above
5° C is a linear function of temperature. The heat units used in Finland are
calculated on this basis.

Fig. 4. Lay-out of the development rate experiment for Italian ryegrass.
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Let us denote the threshold temperature by ft. The development rate M(x)
can be written in this linear case as follows:

0, for x <

M(x) = • x-/?
> for x> p

10 - f)
(3.6)

If cutting takes place at the chronological time instant tj then at the instant
t 2 half of the measured shoots will have grown 10 cm from the cutting height.
The corresponding DVS values are zero at the cutting time, and S when 10 cm
of growth have taken place. The duration S; of DVS for each plot i (i = 1,2,

, 66) can be calculated from equations 3.1 and 3.6 as follows (cf. Eq. 3.3):

s, . 'f
J 10 -fi

(3.7)
u

When the threshold temperature is 5° C, an exact value for the heat units
used in Finland (owing to the normalization conditions used, the value is a
relative one) can be calculated using equation 3.7.

If the graph for the development rate corresponds to the actual situation
as shown in Fig. 5, then the same value of DVS should be obtained for each
plot, i.e. S; is an invariant from one plot to another. As inaccuracies in the
measurements and the heterogeneity of the soil, etc. introduce some variation
in the material, S; varies from one plant to another. Thus if the graph for the
development rate corresponds to the actual situation, then the values S ; of
DVS will be concentrated as closely as possible to each other. The variarion
between them is thus minimised (cf. Cramer 1945, p. 179) and the residual
variation is not affected for example by the fact that the wrong threshold tem-
perature has been chosen. This can be checked by choosing a new value for

Fig. 5. Development rate as a linear function of temperature, threshold temperature =s° C
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the threshold temperature and calculating once again the values of DVS for
the plots. If the variation between these new values is smaller than that be-
tween the original values (Fig. 6), then the new threshold temperature (case
2) is obviously more correct from the biological point of view than the original
one (case 1). The problem is to find the threshold temperature at which the
variation between the DVS values S f of the plots is minimised.

frequency

The effect of the threshold temperature was studied in the experimental
material using the above-mentioned method. The variation was measured
using a more concrete standard error of the mean. The integral of equation
3.7 was approximated by means of the following sum:

Si= y ?
. 1/24Zv m -p

k =l

(3.8)

where x(tk ) is the k:th temperature reading taken from the thermograph paper
when the time interval from tx to t 2 is divided into n hourly parts. The value
1.699° C (Fig. 7) was found to be the best threshold temperature. The average

Fig. 6. Frequency distribution of the
DVS values calculated at two different
threshold temperatures. The variation
in case 2 is smaller.

Fig. 7. Effect of threshold temperature ft on the standard error of mean Sj (in units of DVS)
in the development rate experiment for Italian ryegrass.



duration of the stage in question was 7.246 units of DVS and the corresponding
standard error of the mean was 0.203 units of DVS. Thus the aftermath of
Italian ryegrass takes approximately one week to grow to a height of 10 cm
after cutting has taken place, if the temperature remains around 10° C.

Let us now consider the case where the development rate is an exponential
function of temperature (Fig. 8). In this case, the equation for the develop-
ment rate takes the form

M(x) =A + B• e
C ' X (3.9)

where A, B and C are parameters. The curve must again pass through the point
(10,1) in order to satisfy equation 3.9:

1 = A + B-e C ‘ 10 (3.10)

Parameter A is solved from the equation 3.10 and put into equation 3.9:

C- 10
A=l- B • e

(3.11)
~, v 1 t-, C• 10 . t, C• xM(x) = 1 B • e + B • e

Thus only two of the parameters, B and C, need to be estimated from the
observations. They determine the more precise shape and positioning of the
graph in the coordinate system.

The duration S£ of DVS is calculated for the plots in the same way as earlier
(cf. Eq. 3.7):

*2

C f/I T 3 C'lo ,
P C • x(t) xSi = I (1 B• e +B • e v ')dt

ti

(3.12)

2

Fig. 8. Development rate as an exponential function of temperature.

87
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The problem in this case is to find the values of parameters B and C which
minimise the variation between the DVS values S 4 of the plots. Computer
iteration can be used to find an approximate solution by first trying the best
values of B and then of C. The integral of equation 3.12 is approximated using
the sum (cf. Eq. 3.8). The following results were calculated from the test ma-
terial;

B C mean for Sj mean standard error
units of DVS

0.727 0.0670 7.965 0.220

The mean standard error in the exponential case was greater (0.220) than that
in the best linear case (0.203). This indicates that the exponential relationship
between the development rate and temperature is further from the actual situa-
tion from the biological point of view, than the linear relationship. In fig. 8
the graph of the exponential function has been drawn through the points
determined by the best values of B and C.

Let us now consider the case where the development rate and temperature
have a logistic dependence on each other (Fig. 9) (cf. Fig. 2). The basic form of
the logistic curve (e.g. Steward 1968, p. 430) is:

A
M(x) =

1 +B • e C‘ x (3.13)

Let us carry out a similar normalization on equation (3.13) as was done
earlier. As before, there are two parameters, B and C, which have to be estimat-
ed from the observations:

1+ B • e —C 'lO
M(x) =

1+B-e~ u x
(3.14)

Fig. 9. Development rate as a logistic function of temperature.
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Let us calculate the duration Sj of DVS for the plots
‘ 2 _r-10
r 1 + B • e

S- =
clt (3.15)

‘ J l+H.c-C - XW
tl L^u

Once again, the values of parameters B and C have to be found which
minimise the variation between the DVS values S; of the plots. The following
results were calculated from the test material using iteration:

lean for S, mean standard errorB C
units of DVS

19.625 0.150 9.168 0.172

The value for the mean standard error in the case of the logistic curve was
smaller than that of any of the other cases. On the other hand, the duration
of the average stage from the time of cutting to the time when the aftermath
had grown 10 cm from the cutting height was the longest; 9.168 units of DYS.

In fig. 9 the graph of the logistic function has been drawn through the
points determined by the best values of B and C. This curve is used as the
basis for the growth measurement studies presented later on. As an example,
let us calculate using this curve the amount of daily .DYS accumulated during
the 1974 growth period of Italian ryegrass at the Arctic Circle Experiment
Station. The amount of DYS accumulated by the j:th day is denoted by rj.
The value or Tj can be obtained as follows:

r. = I* [ 1 + 19625-6 dt (3.16)J [1 + 19.625 •e~ 013 ' x(t )

*i
The amounts of DYS accumulated daily are presented in Fig. 10. If the

value of Tj is approx. 1.0 (e.g. on 26.6) then it has been a cool day: i.e. the tem-
perature has remained around the 10° C mark. On a warm day, (e.g. 10.7),
Italian ryegrass has developed by an amount equivalent to that which would
take place in approximately three days at 10° C.

3.3. Dark respiration

The dark respiration of Italian ryegrass was measured in the laboratory
of the Department of Silviculture, University of Helsinki. Five plants, approx.
25 cm high, were grown in plastic pot (approx. 20 cm x2O cm). Fertilized
peat (ST-400), watered at field capacity, was used as the substrate. The measur-
ing equipment consisted of a growth chamber in which the temperature could
be regulated between 5 35° C, an infrared gas analyser (URAS 1) and a data
logging system capable of recording the C0 2 level and the temperature simulta-
neously at the measuring instant. Temperature was measured using a thermo-
couple.

The experimental measurements were carried out by placing the plants in
a darkened growth chamber inside the cuvette. During the first period, which
lasted for approx. 3 min., air was drawn from outside the cuvette into the



90

gas analyser. The difference in the C02 level, i.e. between the inside and out-
side of the cuvette, indicated the intensity of dark respiration. In order to
reveal any possible effect resulting from the weakening of the vigour of the
plants during the measurement series, a series was performed in which the
temperature was gradually raised and then lowered again. However, no ad-
verse effect was observed. On the other hand, some delay in the reaction of the
plants to temperature did cause some inaccuracies in the results.

The intensity of dark respiration was obtained from the measurements as
a function of temperature in millivolt values. (Fig. 11). The actual intensity
(mg*h 1 C02) was not calculated.

Fig. 10. Amounts of DVS accumulated daily in an Italian ryegrass sward at the Arctic Circle
Experiment Station during the period 1974 —06—15 ... 09—3O.

Fig. 11. Dark respiration
of Italian ryegrass as a
function of temperature.
The points are primary
observations.
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3.4. Discussion

It was assumed in the study that the development rate of an Italian ryegrass
sward is described by the rate at which the aftermath grows 10 cm from the
cutting height, and that only temperature has an effect on this rate. This is
obviously an oversimplification since the size of the root network at the cutting
time probably has some effect. Such an effect would be smaller at the beginning
of the experiment than at the end. There are differences between successive
days which may have an effect on the amount of soluble carbohydrates in the
roots at the cutting moment (cf. Davidson and Milthorpe 1965). The devel-
opment rate is also dependant upon the day length (De Wit et al. 1970, Hari
and Siren 1972, Williams 1974), which in this case varied during the exper-
imental series. Since such sources of error are involved, the calculated estimate
for the development rate should only be regarded as a mean value graph for
the development rate of the aftermath of Italian ryegrass throughout the whole
summer. Presumably it can also be used as a value graph for the development
rate of the primary growth and also in growth studies to be presented later
on where growth is described under corresponding conditions. Extrapolation
of these results to other conditions should only be done with great care.

The measuring method for development rate was not sound from the con-
ceptual point of view in this study, it was merely assumed that the above-
mentioned rate could be used to describe it. The more correct method on theo-
retical grounds would be to observe actual development stages such as seedling
emergence and flowering (cf. De Wit et al. 1970). However, the time intervals
between these stages could not be used since, under the conditions prevailing
in Lapland, ear formation of tetraploid Italian ryegrass is uncertain. The
calculation method presented in this study is also suitable for use in analysis
concerning time intervals between such stages.

The dark respiration of Italian ryegrass, measured in the laboratory as a
function of temperature was roughly the same as that obtained for the graph
of the development rate calculated from the results of the field experiment.
The only differences occurred at low temperatures. This may be caused by the
fact that an adequate number of measurements of the intensity of dark respira-
tion was not carried out at low temperatures. The temperature of the growth
chamber used in the experiment could not be lowered to below 5° C. The simi-
lar dependance of the dark respiration and the development rate on temperature
supports the hypothesis which states that dark respiration activity and growth
processes should be associated with each other in the growth model (e.g. Evans
1970, Haki et ai. 1970, Pohjonen and Hari 1973).

In the study, temperature recordings were made in a weather chamber.
A more exact method would have been to measure the temperature contin-
uosly in the stem apex which, in the case of the aftermath of Italian ryegrass,
is situated approx. 1 cm below the ground surface. However, as the results
are to be used to predict the development rate of a cultivated ley in practice,
the measuring method must be developed in such a way that the temperature
recorded in the weather chamber of a meteorological station can be used as
the basis of the calculations.
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The logistic curve (Fig. 9.) which was found to be the best graph of the
development rate closely resembles the curve (Fig. 2.) presented by Sarvas
(1972): for instance the inflexion point of both curves falls at approximately
the same temperature, i.e. 17—18° C. Sarvas presumes that the dependance
which he has found can be widely applied to other tree species. Although
the exact control of the dependance is obviously specific to the individual
species as well as being a genetic property, it may be that the development
rate reacts to temperature roughly according to the same graph in many tem-
perate zone plants, both trees and grasses.

When studying the threshold temperature which is the basis for the heat
sum, it was observed that the standard value 5° C used at the present time is
weaker than lower temperatures. This is partly due to the fact that partic-
ularly during frosty nights in late summer, the temperature in the weather
chamber was noticeably lower than the actual temperature in the stem apex.
In point of fact however, the height growth of Italian ryegrass is clearly meas-
urable when the temperature in the stem apex is below 5° C, even though it
is rather small.

Despite the obvious drawbacks involved in the calculation of the heat
units, the concept has been used rather successfully since the days (1735) of
De Reamur (Sarvas 1972). This is due to the fact that it was possible
with a certain amount of luck, to approach the principle of the phys: ological
clock of plants; it was possible to combine the interaction between temperature
and time in one measurable value. For this reason, the heat units and other
related units should be considered to be measures of time. This individual
physiological time of the plant is such that time dilation, in relation to the
chronological time, takes place when the temperature is low, and contraction
when the temperature is high.

It can perhaps be stated that the development stage used in the development
rate experiments of Italian ryegrass is nothing more than the ordinary heat
units which have been calculated more accurately and flexibly than earlier.
The non-linear relationships which have been found can be approximated
quite well using a straight line. However, for theoretical reasons the heat
unit system is rather inprecise. For instance, the threshold temperature is
difficult to justify on biological grounds. Moreover, it is difficult to expand
the concept of heat units to cover other abiotic factors which affect the devel-
opment rate such as day length (see earlier) and soil moisture (cf. Kish et al.
1972).

Although the heat unit system is associated with a number of drawbacks
its use for measuring the development stages in practical cultivation is well
justified in such areas where the development rate in mainly limited by tem-
perature. Under these conditions, the heat units are sufficiently accurate and
can be quickly calculated. In addition, under Finnish conditions a threshold
temperature of 5° C is justified by the fact that the disappearance of the snow
cover and the beginning of the growing season as calculated from the heat
units happen to coincide with each other.

The measure of the development stage which can be calculated from the
interaction of temperature and time can be interpreted as a special case of the



93

more general time measure of the proper time of a plant. It is a measure
which includes the interaction of chronological time and all the abiotic factors
which affect the development rate. Such proper time can be calculated in
principle using Hari’s transformation (Eq. 3.1), although the quantitative
information about the dependance of the development rate on the state of the
environment is rather deficient.
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4. Crop growth rate of Italian ryegrass

4.1. Crop growth rate and yield
Let us denote the dry-matter yield per unit area of the sward by W. The

crop growth rate CGR, at any instant in time t, is defined as the increase in
the amount of dry-matter per unit of time (e.g. Watson 1952).

dW
CGR =

dt
(4,1)

The concept crop growth rate is mathematically analogical with the concept
development rate (cf. Eqs. 4.1 and 3.2). Correspondingly, the dry-matter
yield of the sward can be calculated analogically with the development stage
from the crop growth rate as follows (cf. Eq. 3.1):

t

W(t) = J CGR(t)dt (4.2)
O

In order to determine the crop growth rate at any time instant, only the
dependance W(t) between the dry-matter yield and time (Fig. 12a) need be
known. This is the main difficulty involved in growth analysis (Radford
1967).

Fig. 12. The dependance of dry-matter yield (W) on chronological time (12a) and DVS (12b)
Data from Pohjonen and Hari (1973).
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In general it is very difficult to describe function W(t) by means of a simple
expression, like for instance A+ Bt + Ct2 + Dt3 (cf. Kornher 1971), since
any irregularities (e.g. the kink in Fig. 12a) in the rate of biomass increase caused
by alternate warm and cool periods are not taken intoaccount.

The dry-matter yield can also be studied as a function of development
stage of the sward: W = W(s) (Fig. 12b). The use of DVS permits any
variations which occur in the rate of biomass increase as a result of warm and
cool periods, to be taken into account, by dilating and contracting the time
axis according to the temperature conditions. For this reason, the observation
points are more regularly placed in the coordinate system in Fig. 12b than in
Fig. 12a. It can be assumed that the dependance W(s) is more easily depicted
by means of a simple mathematical model than the dependance W(t).

Let us define a new concept, the proper growth rate PGR as follows:

dW
PGR

ds
(4.3)

The proper growth rate thus expresses the increase in dry-matter yield per
unit of DVS. The proper growth rate includes as a special case the crop growth
rate (CGR), since if DVS and chronological time proceed at the same rate,
PGR = CGR (cf. chronological time as a special case of physiological stage
of development p.80). If the proper growth rate is known, the dry-matteryield
of the sward can be obtained by integration, for example at DVS instant s l ,

as follows: S 1

W(s t) = J PGK(s)ds (4.4)
o

4.2. A dynamic model of crop growth rate

After the genotype has determined a certain basic level, the crop growth
rate (CGR) is the final result of the interaction of two variables. One variable
is the environmental state (temperature, soil moisture etc.), variations in which
sometimes produce steep growth differences between consecutive days. The
other variable is called the internal state (Milthorre and Moorby 1974, p. 2)
and it depends on the proceeding of each plant in its ontogeny through the vege-
tative and generative stages to the point where a new seed is formed. Each
stage represents a certain potential by which a plant can grow in unit timeunder
favourable conditions. The potential is small during the initial stage of de-
velopment, reaches a maximum during the middle part of the vegetative stage
and henceforth starts to decline until it reaches zero when a new seed is formed.

From the biological point of view, it seems logical to consider that the crop
growth rate is a product of the internal state of the sward and the state of the
environment:

CGR = (internal state of the sward) • (environmental state) (cf. Hari et al. 1970) (4.5)

Provided that CGR is greater than nought the previous relationship can
be put into quantitative form by means of the proper growth rate and the
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development rate as follows. The dry-matter yield is dependant on the develop-
ment stage (Fig. 12b), i.e. W = W(s). Furthermore, the development stage
depends on the chronological time: s = s(t) (Eq. 3.1). Accordingly the dry-
matter yield depends on the chronological time as follows: W = W(s(t)). Let
us calculate the crop growth rate CGR according to its definition (p.94);

dW(s(t))
CGR = —- (4.6)

dt

Using the chain rule for differention of composite functions, equation 4.6 yields
dW ds

CGR = (4.7)
ds dt

According to its definition, dW/ds is the proper growth rate PGR, and ds/dt
is the development rate M (Eq. 3.2), therefore

CGR = PGR •M (4.8)

In equation 4.8, the development rate M is calculated from the environ-
mental state vector. The second factor, the proper growth rate PGR, can thus
be interpreted as being the internal state of the sward. In this study, it can
also be considered as measuring the growth potential connected to each devel-
opment stage of Italian ryegrass. Variations in the proper growth rate at
different stages of the development can also be called the growth rhythm.

Equation 4.8 characterises the growth model for Italian ryegrass. It can
be considered to work in such a way that during short time intervals the proper
growth rate and the development rate are constant and the crop growth rate
is the product of the two. At the end of the time interval, the proper growth
rate and the development rate attain new values for the following time interval.
The development rate is determined on the basis of the environmental state
at that particular instant. The proper growth rate changes according to the
way in which the sward developed during the previous time interval since the
development rate increased the development stage of the sward and this again
has an effect on the proper growth rate. The growth model of Italian ryegrass
is thus characteristically dynamic (cf. De Wit and Brouwer 1968), because
the environmental state affects both sides of Equation 4.8 and the chronological
time itself is not sufficient as a variable for describing the crop growth rate.

4.3. Growth curves

The term growth curve means the cumulative graph which is obtained when
the dry-matter yield is plotted against time (e.g. Steward 1968, p. 414). In
general, growth curves can be appoximated by means of some simple model
which is usually a mathematical function. When development stage is used as
a measure of time, the resulting proper growth rate in a dynamic model of the
crop growth rate of Italian ryegrass can be calculated from this function as a
derivative with respect to DVS.
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One of the first and most simple growth curves used in growth analysis was
an ordinary exponential curve (Blackman 1919) (Fig. 13). If WQ is the original
weight of the seed, the weight of one plant individual at the development stage
s can be calculated from the following:

W(s) = W„ • e Rs
(4.9)

The parameter R represents the efficiency of the plant to produce new
biomass. The biomass of many biological systems follows an exponential growth
curve especially during the initial stage of development. The exponential feature
can be seen for example in Fig. 12b.

The biomass during the final stage of development no longer follows the
■exponential curve, but starts to approach some upper limit. The biomass and
DVS thus follow overall an S-shape, the so-called sigmoid curve (cf. Street
and Öpik 1970, p. 138) (Fig. 14).

In many cases, the properties of the sigmoid curve can be depicted by means
of the so-called autocatalytic reaction equation:

dW C
= - W(A-W)

ds A
(4.10)

Fig. 13. Exponential growth curve

Fig. 14. Sigmoid growth curve (14a) and the proper growth rate calculated from it (14b).
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where parameter A is the upper limit of the biomass. According to equation
4.10, the proper growth rate increases during the initial stages of development
almost directly proportionally to the biomass (exponential stage). In the final
stages of development, the alleviation term A—W (the portion missing from the
final value of the biomass) begins to decrease the proper growth rate towards
zero.

Equation 4.10 can be written in a more general form (c.f. Fletcher 1974):

W’ + aW 2
+ bW = 0, (4.11)

where W’ = dW/ds. When development stage in equation 4.11 is substituted
with chronological time, the solution W(t) can be called the logistic law (c.f.
Eq. 3.13) (Verhulst 1838), the Pearl-Reed law (Pearl and Reed 1920), the
autocatalytic law (see earlier) and the Robertson symmetric law (Robertson
1929).

When P, Q and C are chosen as the parameters, the logistic growth curve
can be presented computationally in a simple form as follows (cf. Brougham
and Glenday 1967):

1
W(s) = —

sP+ Q-e
(4.12)

The dry-matter yield W(s) approaches the upper limit P \ when s-* -f- oo

and the lower limit zero, when s -* oo (Fig. 15)00 (Fig. 15)

To be more precise the concept of dry-matter yield is defined in this study
as being that part of the biomass of the sward of the existing Italian ryegrass
sward which remains above the stubble height (5 cm). In addition, let us suppose
that the DVS instant of the sward is zero when the sward is at the stubble
height. Equation 4.12 in its present form is not suitable for this purpose since
the curve should pass through the origin. This precondition is fulfilled if the
curve in Fig. 15 is moved downwards by the amount (P -+- Q) -1 (cf. Abrami
1972). Thus the equation for the logistic curve passing through the origin
becomes

1 1
W(s) + ——

P+ Q P + Q-e C ‘ s
(413)

Fig. 15. Basic form of the logistic growth
curve. (Eq. 4.12).
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The upper limit of the dry-matter yield is now Q• P I(P+ Q) L Equa-
tion 4.13 can be rewritten in more general form (cf. Eq. 4.11)

W + aW 2 + bW + W'(0) = 0, (4.14)

which can be seen to be a more general form of the Verhulst’s logistic law.
The proper growth rate is calculated from equation 4.13 by deriving it

with respect to s:
dW C•Q • e C' s

PGR = =

ds (P +Q• e —C s
)

2
(4.15)

Some special values (Fig. 16) for the proper growth rate can he calculated
from equation 4.15. The proper growth rate deviates from nought by the
value a, at the initial instant of DVS in the sward:

CQ
U = PGR(O)

(P + Q) 2
(4.16)

The proper growth rate reaches a maximum Q at the DVS instant s m

Q =

4P
(4.17)

InQ - InP
sm (4,18)

c

4.4, Crop growth rate experiments

4.4.1 Material

The crop growth rate of Italian ryegrass was studied at the Arctic Circle
Experiment Station in Lapland during the 1973 and 1974 growing seasons.
The dry-matter yield of the sward was followed in 1973 by means of height
measurements and yield determinations. Six main plots were separated out
in the Italian ryegrass sward, primary growth being measured in one of them
and secondary growth in the rest (Fig. 17).

Fig. 16. Special values of the proper
growth rate.

a. = PGR at the zero instant of DVS
Q = maximum value of PGR

s m = the instant of DVS correspond-
ing to the maximum of PGR.
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Of these six main plots, two were allowed to grow up from the stubble which
was cut once and the four other ones from the stubble which was cut twice.
Each main plot was divided up into 40 sub-plots, one being used for height
measurements and the rest harvested as yield samples. The height of 23 selected
plants was measured to the tip of the longest blade at 8 o’clock on the height
measurement plot (Fig. 18).

Fig. 18. Height measurement of Italian ryegrass. 18a: young primary growth, 18b:aftermath.

Fig. 17. Lay-out of the Italian ryegrass growth rate experiments carried out in 1973
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Measurements were made to an accuracy of 1 mm. Owing to the fact that
in earlier measurements the blades of Italian ryegrass plants sometimes broke
off at their tips, the daily height growth was regarded as the average of 20
of the largest height increments. Height measurement was started in the case
of the primary growth when the shoots were about 5 cm high, and in the sec-
ondary growth the morning of the day following cutting. The height measure-
ment series lasted in each of the main blocks for about 30 days.

While the height measurement series was taking place, yield samples were
taken from the sward 23 times a week. Four sub-plots were harvested at
each sampling, a stubble about scm high being left inside a 0.2 m 2 sized frame
(Fig. 19). The fresh and dry-matter yield for the block in question were deter-
mined from the samples,

The dry-matter yield of the sward in 1974 was followed by taking yield
samples only. In this case there were two primary growth swards, the first
one was sown on 15.5, and the second on 7.6. The dry-matter yield of the af-
termath resulting from cuttings carried out at five different times was also
measured in the latter case (Fig. 20). Both of them grew from a stqbble which
had been cut only once. The dry-matter was determined on average five times
a week using the same frame method as was used in 1973. Five replications,
were used in the initial stages of both of the series. However, during the final
stage of the series the number of replications was reduced to two owing to
the increasing size and number of the samples.

In 1974, dry-matter yield samples were taken using a systematic sampling
method: every day a new sample series was cut about 25 cm away from the pre-
vious sampling point. Systematic sampling was used because randomised

Fig. 19. Determination of the yield of Italian
ryegrass by means of the frame method.
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sampling would require too large a measurement area owing to the trampling
of the sward and the large numer of samples. For example, in the longest
measurement series, samples were taken on 57 occasions.

4.4.2 Calculation methods

An exponential dependance caused by tillering exists between the height
of the sward and the dry-matter yield. In this study the following equation
was used:

W = W(Q, C, h) =Q • (eC ■h -1) (4.19)

where h is the cumulative height increment of the measurement series counting
from the start of the measurement series. Parameters Q and C were determined
from the yield samples W; and their corresponding heights h;

using the method
of least squares (e.g. Deming 1948, cf. Appendix 1). In other words, the values
of Q and C are sought which minimise the following sum of squares:

E (Wi - W(Q, C, h,))»
i

The parameters of the logistic curve (Eq. 4.13) obtained by plotting the dry-
matter yield against DVS were determined using a method analogous with
the previous one or a method of weighted fitting (cf. Deming 1948, p. 211,
Brougham and Glenday 1967). From the yield sample data collected in
1974, three observations in the first primary growth and one observation in the
first aftermath series were omitted from the fitting procedure because they
were apparently biased (too large).

In order to fit the logistic curve, the initial instant in DVS in each sward
should be known. It is natural to choose the cutting time of the previous sward
as the initial instant (see earlier) in the aftermath sward. The initial instant

Fig. 20. Lay-out of the Italian ryegrass growth experiment in 1974, sward sown on 7.6.



in the primary growth is at the stage when the sward biomass starts to accu-
mulate above the cutting height (5 cm). It is rather laborious to determine
accurately this stage in practice since small irregularities in the soil surface
affect the height of the stubble. In this study the initial instant of the primary
growth was determined by plotting the observations in the coordinate system
and estimating at what point the curve passed through the DVS axis (cf. Raulo
and Leikola 1974).

4.4.3. Results 1973

First, the curves for the relationship (Eq. 4.19) between the dry-matter
yield of the sward and the cumulative height growth of the measuring point
were fitted. The corresponding parameters and correlations between the cal-
culated and observed values are presented in Table 1. The corresponding
•equation could not be calculated from the final measurement series because
the abnormally cool weather conditions in autumn permitted only a small
amount of growth to take place. The parameters of the penultimate series
were used in the final series instead.

Table 1. The parameters of the equation (Eq. 4.19) for the relationship between the dry-matter
yield of the sward and the cumulative height growth of the measuring point, and the correla-
tions between the calculated and observed values in the 1973 measurement series, p = primary
.growth, s = secondary growth.

Cutting series Period Q P r

Ip 73-06-06... 07-19 141.0 0.0736 0.968
2s 73-07-05 . .

. 08-02 2480.0 0.0192 0.996
3s 73-07-20. .

. 08-16 527.0 0.0445 0.987
4s 73-08-01 .

.
. 08-31 483.0 0.0488 0.958

5s 73-08-15 . . . 09-15 342.0 0.0850 0.955
6s 73-08-31 . . . 09-25 (342.0) (0.0850)

The daily dry-matter yield Wj of the sward was calculated from the height
measurement observations. The corresponding amount of DVS was determined
from equation 3.1. Logistic curves (Eq. 4.13) (Fig. 21) which passed through
the origin were fitted to the observation pairs W;, S;. The primary growth
for 1973 was estimated to be at the stubble height (5 cm) on 10.6. The parame-
ters of the logistic curves for different measurement series are presented in
Table 2.

The curves of the proper growth rate for the 1973 measurement series (Fig.
22) were then computed (Eq. 4.15) from the equation of the logistic curve.
The special values of the proper growth rate and the theoretical maximum
dry-matter yields for the 1973 measurement series are presented in Table 3.

The dry-matter yield calculated from the daily height measurements and
the corresponding DVS value of the sward could be easily fitted to the logistic

3 103
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Table 2, The parameters of the equation (Eq, 4.13) for the relationship between the amount
of DVS and the dry-matter yield of Italian ryegrass in the 1973 measurement series, p = pri-
mary growth, s = secondary growth.

Cutting series P Q C

Ip 0.0002789 0.057800 0.11380
2s 0.0000421 0.000450 0.02092
3s 0.0002392 0.005310 0.11540
4s 0.0002581 0.002689 0.11540
5s 0.0003414 0.004936 0.16600
6s 0.0008610 0.003081 0.15730

curve passing through the origin. However, some biased yield values were
obtained at the end of the measurement series. For instance, the maximum
dry-matter yield of the primary growth turned out to be about 3500 kg-ha -1

,

although earlier experiments indicated that it should increase to between
6000—7000 kg-ha -1

. This error is caused by the fact that the height was always
measured to the tip of the tallest blade. However, because of tillering the dry-
matter yield of the sward continued to increase after the height growth of the
tallest blades had already ceased. In addition, the plants which were measured
suffered some damage while the measurements were being carried out and they
ceased height growth earlier than other plants in the sward. In order to obtain
more accurate information about the dry-matter yield of the sward in the
final stages of development, it was decided that the height measurements
should be omitted in further studies because of the earlier mentioned error
sources. A measurement method for the dry-matter yield which requires only
yield samples was used in the 1974 field experiments.

Fig. 21. The dependance between the amount of DVS and the dry-matter yield of Italian rye-
grass in the 1973 measurement series, p = primary growth, s = secondary growth. The dots,

are observed values. The dates above curves are initial instants of each series.



Table 3. Starting value a (Hq. 4,16) of the proper growth rate, the maximum value Q (Eq.
4.17), the corresponding DVS value sm (Eq. 4.18) and the theoretical maximum dry-matter
yield Wm (Q • P —l •(P + Q) _1 ), in the 1973 measurement series.

Cutting series a Q s m Wm
kg-ha _1 • (units of DVS) -1 units of DVS kg-ha —1

Ip 1.95 102.01 46.87 3568
2s 38.91 124.38 113.87 21747
3s 20.14 122.07 26,54 4000
4s 35.73 111,78 20.31 3535
5s 29.42 121.56 16.09 2740
6s 31.20 45.72 8.11 909

Fig. 22. Proper growth rate (PGR) in the 1973 measurement series, p = primary growth,
s = secondary growth.

105
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4.4.4. Results 1974

Logistic curves (Figs. 23 and 24) passing through the origin were fitted to
he 1974 primary observations (dry-matter yield samples W; and the corre-
ponding DVS values S;).

Fig. 23. The dependance between the amount of DVS and the dry-matter yield in the dry-
matter yield in the primary growth of Italian ryegrass in the 1974 measurement series.
The dots are observed values.

Fig. 24. The dependance between the amount of DVS and the dry-matter yield in the second-

ary growth of Italian ryegrass in the 1974 measurements series. The initial point in each series
is not in the correct place on the s axis.
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There were two primary growths. It was estimated that the first (sown
on 15.5) reached the stubble height on 18.6 and the second (sown on 7.6) on
21.6. Before curve fitting, the observations from both of the primary growths
were combined. The parameters of the logistic curve from different measurement
series are presented in Table 4.

The graphs of the proper growth rate for the 1974 measurement series (Fig.
25) were then computed (Eq. 4.15) from the equation of the logistic curve.

Fig. 25. The proper growth rate (PGR) in the 1974 measurement series, p = primary growth,
s = secondary growth.
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Table 4. The parameters of the equation (Eq. 4.13) for the relationship between the amount
of DVS and the dry-matter yield of Italian ryegrass in the 1974 measurement series, p = pri-
mary growth, s = secondary growth.

Cutting series period P Q C

Ip + 2p 06-19 . . . 09-14 0.0001446 0.002668 0,04587
3s 07-16 . . . 09-14 0.0001485 0.001016 0,04893

4s 07-22 . . . 09-14 0.0001790 0.001928 0.06967
5s 07-29 . . , 09-14 0.0001833 0.000866 0.06102
6s 08-05 . . . 09-14 0.0002558 0.001707 0.07408
7s 08-16 . . . 09-14 0.0003308 0.002357 0.08481

The special values of the proper growth rate of the 1974 measurement series
and the theoretical maximum dry-matter yields are presented in Table 5.

Table 5. Starting value a (Eq. 4.16) of the proper growth rate, the maximum value O (Eq.
4.17), the corresponding DVS value s m (Eq. 4.18) and the theoretical maximum dry-matter
yield W m (Q • P 1•(P + Q) *), in the 1974 measurement series.

Cutting series a Q s m W m
kg-ha 1 (units of DVS) 1 units of DVS kg ha —1

Ip + 2p 15.47 79.31 63,55 6560
3s 35.66 82.37 39.30 5875
4s 30.26 97.30 34.12 5112
5s 47.98 83.22 25.45 4503
6s 32.82 72.40 25.62 3400
7s 27.67 64.09 23.15 2651

4.4.5. Discussion

Following the dry-matter yield of the sward by a combination of height
measurements and yield determinations is an accurate method for it is based
on continuous measurements carried out on the same plants (cf. Ondok 1971).
An apparently high degree of accuracy was reached in the 1973 measurement
series because the observed values and the corresponding calculated values
(Fig. 21) were close to each other. The accuracy is only apparent because, as
was earlier mentioned, height growth ceases early and makes the yields obtained
in the final stage of development unreliable.

The so-called destructive harvesting method (Kvet et al. 1971), was used
for determing the dry-matter yield in 1974. In this method, the same point
in the sward cannot be used again for measurements. The heterogeneity of the
sward and the substrate cause some variations in the yield samples and even
negative growth is therefore sometimes observed between consecutive days.
The variation in the yield determinations carried out in 1974 was large (Figs.
23 and 24). It further increased in the primary growth as a result of vole and
reindeer damage at the end of the growing season. The measurement method is
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thus not as accurate as the one used in 1973, but it does however give some
information about the yield during the final stages of development. The best
measurement method would obviously be a combination of the two.

The logistic curve passing through the origin was well suited for describing
the dependance between the amount of DVS and dry-matter yield in other
cases apart from the 1974 primary growth. In the graph, the calculated values
were situated above the observed values in the initial stages of development.
This is due to the fact that the logistic curve determined by equation 4.11 is
symmetrical as regards its point of inflection. Assymetry can be seen in the
primary growth of 1974: the accelerating stage is steeper than the decelerating
stage (Fig. 23). It would be possible to study the fitness of assymetrical logisti-
cal curves (cf. Steward 1968, p. 421, Fletcher 1974) in these cases. However,
owing to the increasing number of parameters and the large variation in the
material they were not used. Despite the obvious disadvantages of the symmetri-
cal logistic curve concerning the initial stages of primary growth it can be used
in the optimization presented later on because the biased points occur at such
an early stage in the primary growth that cutting at that stage is not likely
to occur.

There were two exceptions in the 1973 aftermath series: the first series
(2s/73) and the last (6s/73). This can be clearly seen in the figure which shows
the proper growth rate (Fig. 22). The first aftermath intially grew too slowly,
there is no typical accelerating phase in the proper growth rate nor a maximum
level reached during the measurement series. This was obviously affected by
the dry period at the beninning July 1973. The last aftermath also grew
too slowly in comparison with the others. The exceptionally cold conditions
during September are the explanation for this. The sward remained frozen for
a long time in the mornings following night frost, but the amount of DVS
calculated from the temperature recorded in the weather chamber however
increased. The measurements made in 1973 show that DVS cannot be calculated
merely from the temperature recorded in the chamber if the sward as a result
of drought or night frost is in an abnormal condition.

When examining the calculated graphs of the proper growth rate (Figs. 22
and 25), it is possible to discern certain regularities. The proper growth rate
for the primary growth has a small starting value (a). It starts to increase in
the aftermath and reaches a maximum value of approx. 45 kg-ha -1. (DVS
units)-1 in that sward in which the proceeding cutting has taken place at the
end of July. It subsequently becomes smaller as autumn approaches. In point
of fact no distinction can be made between the primary growth and the after-
math. There is only a certain growth potential which is determined by the
degree of tillering of the sward and the size of the root system at that instant
when the sward reaches a height of 5 cm. This potential is described by the
-starting value a of the proper growth rate. Its value increases as the tillering
of the sward and the size of theroot system increases. By the end of the summer
the magnitude of a again starts to decrease. The growtjh potential can be re-
duced for instance by a weakening in the activity of the roots or by the onset
of wintering. The culmination point of the growth potential occurred in the
■experimental swards at the end of July. Thus the Italian ryegrass sward which



110

was not cut before this date was able to produce an aftermath as efficiently
as possible.

The effect of consolidation of the root system and tillering was also evident
in how quickly the proper growth rate reached its maximum level. The closer
it was to the initial instant of DVS, the further the growing season had pro-
gressed. Thus the faster the aftermath was able to achieve maximum net
photosynthesis, the longer the sward had had time to consolidate before the
cutting preceding the aftermath.

The maximum value Q of the proper growth rate remained fairly constant
during the measurement series carried out in early and middle summer, at
100—120 kg-ha -1 • (DVS units)-1 . The theoretical maximum crop growth rate
(CGR) of Italian ryegrass at the Arctic Circle Experimental Station can be
calculated from this value. The growth rate is thus high when both the devel-
opment rate of the sward and the proper growth rate are simultaneously at
as high a level as possible (CGR =, PGR-M). Thus if the weather conditions
are favourable (M «a 3) and the sward is at an appropriate stage of development
(PGR =Q = 100), then the daily yield increment will be 300 kg-ha -1

• day-1
.

A crop growth rate of similar magnitude has been measured for example in leys
growing in England (cf. Spedding 1971, p. 24).

4.5. Logistic growth curve and dynamic model of the crop growth rate

The proper growth rate incorporated in a dynamic model of the crop growth
rate of Italian ryegrass was determined from field observations made in 1973
and 1974 as a derivative of the logistic growth curve. For the sake of abbre-
viation let the vector V denote the parameters of the logistic curve: V = (P,
Q, C). Thus the proper growth rate depends on both the vector V and the amount
(s) of DVS:

PGR = f(V, s) (4.20)

Information about the magnitude of the proper growth rate in the different
stages of development is included in the vector V.

From this point onwards the study is limited to the treatment of the model
of the crop growth rate using as an example the 1974 experimental sward at
the Arctic Circle Experiment Station (cf. p.79). In order to be able to use the
model of the crop growth rate for optimization it must first undergo rather
extensive simplifications. Let us assume that the parameters for the proper
growth rate (vector V) remain constant throughout the growing period. The
values of these parameters depend upon which instant in the growing season
is chosen as the initial instant of DVS in each sward (Fig. 26). The parameters
also include some information about all the growth factors (biotic and abiotic)
apart from temperature.

The constancy of the parameters takes for granted the fact that the growth
factors remain unchanged during the growth period. For example, the
moisture conditions are assumed to be optimal throughout the course of the
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experiment, and nitrogen fertilizer is only added in conjunction with cuttings.
The intensity of the incoming radiation is assumed to be sufficient to keep
the quantity of primary products produced in photosynthesis (source) always
greater than the amount synthesised from them in further metabolism (sink)
(cf. Watson 1971, Evans 1975). Moreover, when parameters P, Q and C have
been determined at the initial instant of DVS, the dry-matter yield is depend-
ant only on the amount of DVS. The development rate affecting this is assum-
ed to be dependant on the temperature (Fig. 9).

The following criterion was employed in the choice of the equation to be
used for determining the proper growth rate of Italian ryegrass: how well do
the calculated and observed values correspond to each other (»best fit»). The
model of the crop growth rate is thus demonstrative (de Wit 1970). It has
no power of explanation and it can only be used to describe the growth occuring
under certain conditions (Steward 1968, p. 431). However, the demonstrative
model also has some use in optimization (cf. Jones 1970).

Fig. 26. Parameters P, Q and C (Eq. 4.15) in the experimental swards located at different points
inside the growing season (1974). The dots are observed values taken from Table 4.
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5. Optimum cutting schedule for Italian ryegrass

By the optimum cutting schedule is meant the choosing of the cutting dates
within the growing season such that the total yield calculated as the sum of the
individual cuttings is maximised. As has earlier been mentioned, (p.78), maxi-
mization is based on the fact that the crop growth rate of the ley (daily growth)
is kept at as high a level as possible. When a dynamic model of the crop growth
rate of Italian ryegrass is connected to this principle, the optimum cutting
schedule is that which maintains the value for the product of the proper growth
rate and the development rate (see p.96) at as high a level as possible. In this
study, the development rate is assumed to be dependant only on the tempera-
ture, which cannot be affected by any agricultural practices. It is thus suffi-
cient if the cutting dates are chosen so that the proper growth rate only is
kept at as high a level as possible. In other words, agricultural practices must
be planned so that Italian ryegrass sward is kept, from the point of view of its
growth potential, in as favourable a development stage as possible.

An optimum cutting schedule is to be found for a hypothetical Italian
ryegrass sward which has been sown on such a day that the primary growth
reaches the stubble height (5 cm) on 18.6. It is fertilized at this stage with
200 N kg-ha -1

. A similar fertilizer dose is applied in conjunction with cutting.
If the growing season ceases on 30.9, when the last cutting is carried out, then
there will be 105 days in this particular growing season. According to the 1974
temperature data there will be approx. 106 units of DVS in the growing season.

During a certain growing season, the optimum cutting schedule is, as far
as the weather conditions are concerned, deterministic. This means that when
the same input is used, the final result is always the same (Andersin 1968).
The necessary input data is as follows;

1) the length of the growing season (105 days)
2) the corresponding temperature data (temperature observations taken at hourly intervals

during the period 1974 06 18 . .. 09 30)
3) the values of parameters P, Q and C (vector V) of the proper growth rate of Italian

ryegrass at the initial instant of DVS of the sward (Fig. 26).
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5.1. Two cuttings

The search for the optimum cutting schedule is started by considering a
simple case: the sward is cut only twice. Since the final cutting date is fixed,
i.e. 30.9, only the date of the first cutting can be varied. In this case, the op-
timum cutting time is thus that moment in the middle of the growing season
at which the sward must be cut if the total dry-matter yield calculated as the
sum of the two cuttings is to be maximised.

The progression of the proper growth rate in a sward which has been cut
twice is shown in Fig. 27.

The development stage has been deliberately used for the timeaxis since
it makes the calculations more simple. The shaded area under the curve up to
the instant Sj represents the dry-matter yield (Wj) obtained in the first cutting
(cf. Eq. 4.4). The area under the curve from the instant Sj to the end of the
growing season represents the dry-matter yield (W 2) obtained in the second
cutting. The total dry-matter yield W t (the entire shaded area) is maximised
by determining the value of Sj such that the proper growth rate (PGR) is main-
tained at as high level as possible.

The dry-matter yield obtained in the cutting is calculated from the integral
function of the proper growth rate, which in this study is a logistic curve passing
through the origin (Eq. 4.13.). The dry-matter yield of the cutting thus depends
partly on the amount of DVS and partly on the vector V (cf. Eq. 4.20);

W = F(V, s) (5.1)

In the primary growth the vector is always the same, i.e. VQ
. The length

■of the growing period is s l . The dry-matter yield Wx obtained in the first
■cutting is

W = F(V O . Bj) (5.2)

Fig. 27. The first cutting instant (s x ) of a twice cut sward timed to the growing season. The
length of the whole growing season is S. The time-axis is in DVS units.
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In the aftermath the vector is governed by the date of the first cutting
(Fig. 26), i.e. V = V(sx). The length of the growing period is S sx . The dry-
matter yield W 2 obtained in the second cutting is thus.

W 2 = F(V(Sj), S -s,) (5.3>

The only independant variable in equations 5.2 and 5.3 is sx . Thus the total
dry-matter yield Wt depends only on the instant of the first cutting:

W,(SI ) = + W2 (SI ) (5.4>

The maximum value of the total dry-matter yield can be found for instance
by studying the zero point of the derivative;

dWt/dSj = O (5.5>

Equation 5.5 was solved numerically by computing the value of the deriv-
ative when sx was varied by an interval of one unit (Table 6). The totaL
dry-matter yield reached a maximum value of 8199 kgdia -1 when the first
cutting was carried out approximately 100 units of DVS after the start
of the growing season. The corresponding chronological time instant was cal-
culated using equation 3.1 and rounded off to the morning following the DVS-
instant. Thus 55 days of chronological time had passed before the first cutting
was carried out. The date corresponding to this is 1974-08-12.

Besides the determination of the optimum cutting schedule using this com-
putational technique, sensitivity analysis is also obtained: to what extent doe&
the dry-matter yield change when the date of the first cutting is moved for-

Table 6. The effect of the instant of the first cutting (s lf in units of DVS) on the total dry-
matter yield (Wt) of Italian ryegrass cut twice. W x = yield from first cutting, W 2 = yield
from second cutting (kg-ha-1 )-

s t Wj W 2 Wt derivative date

90 4957 3150 8107 17.6 -08-05
91 5013 3111 8124 15.9 -08-05
92 5067 3072 8139 14.2 -08-06
93 5120 3032 8153 12.8 -08-07
94 5172 2993 8164 10.8 -08-07
95 5222 2952 8174 9.1 -08-08
96 5271 2912 8183 7.4 -08-09
97 5318 2871 8189 5.7 -08-10
98 5364 2830 8194 4.0 -08-10
99 5409 2788 8197 2.3 -08-11

100 5452 2747 8199 0.6 -08-12
101 5494 2704 8199 —l.l -08-12
102 5535 2662 8197 -2.8 -08-13
103 5574 2619 8193 -4,5 -08-13
104 5613 2576 8188 -6.1 -08-14
105 5649 2532 8181 -7.8 -08-15
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wards or backwards, for instance by one week, from the optimum date (Fig.
28). The total dry-matter yield is not very sensitive to change in the cutting
schedule. For instance, when the date of the first cutting is moved forwards
by almost a month (to 1974-09-07), the total dry-matter yield is reduced by
only 1000 kg-ha -1

.

5.2. Three cuttings

When the sward is cut three times, the date of the final cutting is again fixed
(1974-09-30), but in this case the two previous cutting dates can be varied.
In this case the optimum cutting schedule is the selection of those dates in
the middle of the growing season which maximise the total dry-matter yield
calculated as the sum of the three individual cuttings.

Let us denote the second cutting instant by s 2 and the yield obtained from
the third cutting by W 3, the other symbols are the same as those used earlier.
The shaded area under the curve in Fig. 29 again represents the dry-matter
yields obtained from the different cuttings. The cutting instants s, and s 2
are to be selected in the growing season such that that the proper growth rate
js maintained at as high level as possible.

The dry-matter yield of the primary growth, Wlt is the same as that used
earlier (Eq. 5.2.). In the secondary growth the parameters are governed by the

Fig. 28. Effect of the instant of the first cutting (s x units of DVS) on the total dry-matter
yield of Italian ryegrass cut twice. 'W l = first cutting, W 2 = second cutting, W x = total.
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instant of the first cutting in the same way as earlier (see p. 114), but the length
of the growth period is now s 2 —sr The dry-matter yield W 2 obtained in the
second cutting is

W 2 = F(V(Sl ), s 2 - Sl) (5,6)

In the tertiary growth the vector is governed by the instant of the second
cutting, i.e. V = V(s 2). The length of the growing period is S s 2. The dry-
matter yield W 3 obtained in the third cutting is

W 3 = F(V(s2), S -s,) (5.7)

The independant variables in the case of the first yield are s1( in the second
s x and s 2, and in the third s 2. The total dry-matter yield Wt is thus a function
of two variables, the instants of the first and second cutting.

Wt (Sl, s,) = + W2(Sj. Sj) + W3(Sj) (5.8)

The maximum value of the dry-matter yield is found by studying the zero
points of both of the partial derivatives (cf. Eq. 5.5):(cf. Eq. 5.5):

aWt/as x = 0 and aWt/as 2 = 0 (5.9)

In principle, equation 5.9 can be solved numerically by using the same
technique as for equation 5.5. If the cutting instants are varied for example
by one (chronological) day, then the total number of possible combinations is
5356. However, it is not necessary to calculate all of these if some mathemat-
ical programming method is used, for example dynamic programming (cf.
Hillier and Lieberman 1969, p. 239, Siitonen 1972). The so-called gradient
method (cf. Manninen and Salmi 1974) can be used in this study since the
partial derivatives of equation 5.9 can be calculated, numerically at least,
with any value of s x and s 2. The gradient method is illustrated in the following
figure (Fig. 30):

Fig. 29. The first (s 3) and the second (s 2) cutting instants of a sward cut three times timed
to the growing season. The length of the whole growing season is S. The time-axis is in DVS
units.
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Let us take as the starting point some random cutting schedule (point A
in the figure), for example at the DVS instants 55 (1974-07-18) and 108 (1974-
08-17). Since the randomly selected cutting schedule is obviously not the op-
timum one, it must be changed. Let us then change both the cutting instants
so that the total dry-matter yield (the height of the point in Fig. 30) increases
as fast as possible, i.e. it is moved in the direction of the gradient (cf. e.g.
Spiegel 1959, p. 62). Let point B be in such a direction. The new cutting
schedule is obtained by changing the old cutting schedule as follows (see Appen-
dix 2):

3Wt

5,(6) = Sj(A) + - ----

l/(f)’ + (?)’
(5.10)

3Wt

Sj(B) = S,(A) +
352vm + (S)’ (5.11)

in order to maximise the total dry-matter yield at point B, the square root
expression, the directional derivative in the direction of the gradient (sdr),
found in equations 5.10 and 5.11 must be nought. However, if it is not, then a

new cutting time point C must be found by moving from point B in the direc-
tion of the gradient.

The method can be programmed in a computer so that the direction of the
gradient vector at point A is first calculated. Let us then move in this direc-
tion a certain distance (sdr multiplied by some constant). This process is re-

Fig. 30. The effect of the first (s x ) and the second (s 2) cutting instant on the total dry-matter
yield of Italian ryegrass cut three times (model). A = estimated cutting schedule, B = improved
cutting schedule.
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Table 7. The effect of the instants of the first and second cuttings (s 1 and s 2, in units of DVS)
on the total dry-matter yield (Wt ) of Italian ryegrass cut three times. W, = yield from first
cutting, W 2 = yield from the second cutting, W 3 = yield from the third cutting (kg-ha— *)

sdr = directional derivative.

s x s 2 Wj W 2 W 3 Wt sdr dates

55 108 2470 3458 2389 8318 18.1 -07-18 -08-17
65 111 3217 3033 2247 8498 17.0 -07-23 -08-19
73 116 3867 2791 1982 8640 10.5 -07-27 -08-23
81 123 4419 2632 1649 8701 0.9 -07-31 -08-28
88 130 4862 2545 1250 8656 10.2 -08-04 -09-02
87 129 4829 2539 1297 8666 9.0 -08-03 -09-02
87 128 4792 2540 1342 8674 7.9 -08-03 -09-01
86 128 4752 2545 1385 8681 6.8 -08-03 -08-31
85 127 4709 2554 1425 8687 5.7 -08-02 -08-31
85 126 4663 2565 1464 8692 4.6 -08-02 -08-30
84 126 4617 2577 1502 8696 3.5 -08-02 -08-30
83 125 4569 2591 1539 8699 2.4 -08-01 -08-29
83 124 4520 2604 1576 8701 1.3 -08-01 -08-29
82 124 4471 2619 1612 8701 0.3 -08-01 -08-28
81 123 4420 2633 1648 8701 0.8 -07-31 -08-28
81 123 4425 2631 1644 8701 0.7 -07-31 -08-28
81 123 4430 2630 1640 8701 0.6 -07-31 -08-28
81 123 4435 2629 1637 8701 0.5 -07-31 -08-28
81 123 4440 2627 1633 8701 0.4 -07-31 -08-28
81 123 4446 2626 1630 8701 0.3 -07-31 -08-28
82 123 4451 2624 1626 8701 0.2 -07-31 -08-28
82 123 4456 2623 1623 8701 0.1 -07-31 -08-28
82 123 4461 2621 1619 8701 0.0 -07-31 -08-28

peated so many times that the total dry-matter yield starts at some point to
decrease (the »peak» in Fig. 30 has been traversed). The length of the step is
now decreased to a tenth of that used earlier, and the traversing is repeated
until sdr comes close enough to nought (the accuracy required can be chosen
in advance).

The optimum cutting schedule of Italian ryegrass cut three times which
was obtained by the gradient method is presented in Table 7. The total dry
matter yield approaches its maximum value if the first cutting is carried out
after 82 units of DVS and the second after 123 units of DVS. This corresponds
do 43 and 71 days of chronological time respectively. The dates of the optimum
■cutting schedule are 1974-07-29 and -08-28 (and -09-30). The yield of the ran-
domly selected cutting schedule (-07-18 and -08-17) was 8318 kg-ha -1. The max-
imum yield 8701 kg-ha -1 was first found after 4 iteration cycles.

The sensitivity of the maximum dry-matter yield of Italian ryegrass cut
three times to changes in the cutting schedule was tested by calculating com-
binations of different cutting instants one (chronological) day at a time (Fig.
31). One must imagine that the diagramme in Fig. 31 is projected onto the base
level of a 3-dimensional drawing like the one in Fig. 30. The different cutting
schedules and corresponding total dry-matter yields can be read from the



»height contours». The maximum dry-matter yield obtained when three cut-
tings are made is not especially sensitive to small changes in the cutting schedule.
In order to reduce the total dry-matter yield by for instance 500 kg-ha -1

, the
first cutting may be delayed for about two weeks and the second for almost
three weeks.

5.3. Four or more cuttings

Determination of the optimum cutting schedule by the gradient method
can easily be generalized to the selection of a schedule involving four or more
cuttings. When four cuttings are carried out, the first three cutting instants
can be varied (s l , s 2 and s 3). The cutting schedule is the optimum one when
the partial derivatives calculated with respect to all these instants vanish.
Correspondingly, when five cuttings are carried out, the first four cuttings
can be varied. The zero points of the partial derivatives are found by means
of a similar gradient method as the one used earlier, starting from some random-
ly selected cutting schedule.

An attempt to find the optimum cutting schedule for an Italian ryegrass
to be cut four times, is presented in Table 8. It can be seen that the duration

4

Fig. 31. Effect of the first and second cutting dates on the total dry-matter yield of Italian
ryegrass cut three times. t x = first cutting date, t 2 = second cutting date. The yield contours
in the figure have intervals of 200 kg-ha- k

119
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Table 8. The effect of the instants of the first, second and third cuttings (Sj, s 2 and s 3, in units
of DVS) on the total dry-matter yield (Wt ) of Italian ryegrass cut four times. W 2 = yield from
first cutting, W 2 = yield from second cutting, W 3 = yield from third cutting, W 4 = yield
from fourth cutting (kg-ha —1).

Si S 2 s 3 w, W 2 W 3 \V4 Wt

57 100 127 2606 2865 1459 1448 8379
59 98 130 2768 2551 1904 1227 8450
63 99 133 3039 2418 1951 1066 8473
66 102 135 3306 2380 1864 941 8490
69 105 138 3530 2389 1795 788 8502
71 108 141 3706 2430 1765 610 8511
73 111 145 3840 2486 1777 420 8523
74 114 149 3945 2545 1809 248 8547
76 116 153 4034 2600 1840 114 8589
77 118 158 4118 2648 1857 26 8648
77 119 160 4151 2665 1858 2 8676
82 123 160 4461 2621 1619 0 8701

of the last growing period approaches nought. This is an indication of the fact
that the best result is obtained when the sward is cut only three times.

The cutting schedule obtained with the gradient method is not necessarily
the optimal one, for the maximum which is found may be only relative (local
maximum, the diagramme in Fig. 30 has more than one peak). The absolute
maximum is generally found by choosing a number of starting points which
differ completely from each other and starting from them. If the same solution
is obtained every time, then the cutting schedule is obviously the optimum
one, but in order to be absolutely sure, all the possible alternatives have to be
computed.

5.4. Maximisation of the digestible (in vitro) dry-matter yield

The maximization of the dry-matter yield presented earlier does not provide
the farmer with enough information, in its present form, about the actual
optimum. The attainment of an ordinary dry-matter yield which is as large
as possible is not sufficient for him: he judges it also by the quality of the yield
that he harvests. Since Italian ryegrass is usually harvested as silage for rumi-
nants, the farmer is more interested in maximising only that portion of the
dry-matter yield which the ruminant is capable of utilizing, i.e. the so-called
digestible dry-matter yield.

Nowadays the rapidly determinable in vitro digestibility (Tilley and
Terry 1963) is used as an indicator of the digestibility. The previously men-
tioned method for determining the optimum cutting schedule is also suitable
for maximising the digestible dry-matter yield. The yield obtained in the
cutting is merely multiplied by some weighting function which has a value
dependant on the quality of the silage, for example between 0— 1. The weight-
ing can be carried out directly with the in vitro digestibility. The optimum
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cutting schedule then maximises the digestible dry-matter yield. Weighting
directly with the digestibility is in practise too slight since the digestibility
varies within narrow limits. Let us consider as an example two dry-matter
yields, both of 5000 kg-ha" 1

, one of which has a digestibility of 60 % and the
other 80 %. The digestible dry-matter yields are thus 3000 kg-ha" 1 and 4000
kg-ha" 1 respectively. The yield which has a lower digestibility corresponds
to three quarters of the yield with the higher digestibility when it is weighted
in this way. However, the farmer considers that the yield with 60 % digesti-
bility is poorer than the previous one. Possibly he has some lower limit (at
least theoretically) for the digestibility and if the value falls below this he will
reject that kind of silage. When the digestibility of the silage is above this
limit, then the dry-matter yield is weighted with some weighting function U
which depends on the digestibility according to Fig. 32.

Provided that the rejection digestibility is 50 %, as mentioned earlier, and
the values between 50—100 % are weighted linearly (case 2), the yield with
a digestibility of 60 % corresponds to only a third of the yield with the higher
digestibility. This correspondence is perhaps more realistic than the previous
one from the farmer’s point of view.

The weighting carried out directly with the digestibility can also be seen in
Fig. 32. In this case U(d) = d. The weighting can also be carried out in a more
complicated manner, for instance by employing a second degree weighting
function (case 4). The non-weighted dry-matter yield is obtained as a special
case (case 3). Then U(d) = 1.

In grasses the digestibility of the dry-matter is an indicator of the stage
of development (cf. e.g. Tilley et al. 1960—1964). It is therefore natural to
examine it in the same way as was used for the dry-matter yield, namely as

Fig. 32. A few examples of the weighting function of the dry-matter yield. 1) weighting directly
with the digestibility, 2) rejection digestibility 50 %, 3) no weighting, 4) weighting function of
the 2nd degree.
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a function of the amount of DVS of the sward (Fig. 33). The digestibility (d)
of the dry-matteras a function of DVS can be simply depicted using a linear model

d=m• s + b (5.12)

The values of the parameters m and b depend upon which instant in the
growing season is chosen as the initial instant of DVS in each sward (Fig. 34).

Fig. 33. The digestibility (in vitro) of the dry-matter yield of Italian ryegrass as a function of
the amount of DVS of the sward in the 1973 measurement seres, p = primary growth, s =

secondary growth.



Let us denote the parameters m and b with vector D = (m, b) (cf. vector
V in section 4.5). The digestibility of the dry-matter obtained in the cutting
depends partly on vector D and partly on the amount of DVS of the sward:

d = d(D, s) (5.13)

Let us denote the yield weighted by the digestibility of the dry-matter
obtained in the cutting by W*. It is obtained by multiplying the ordinary dry-
matter yield W by the weighting function U = U(d), which is dependant on
the digestibility of the dry matter:

w* = u • w (5.14)

The weighting function U in Eq. 5.14 is dependant upon the vector D and
the amount of DVS of the sward. Furthermore, the dry-matter yield W is de-
pendant on the vector V and the amount of DVS of the sward (Eq. 5.1). The
yield weighted by the digestibility of the dry-matter obtained in the cutting
can thus be denoted:

W* = G(V, D, s) (5.15)

The optimum cutting schedule of the yield weighted by the digestibility
of the dry-matter can be determined analogically in conjunction with the opti-
mum cutting schedule of the ordinary dry-matter yield. The function F (Eq.
5.1) which was used in the optimization process is changed in this case into
function G. Thus, for instance, the yield
W*j is (cf. Eq. 5.2)

obtained from the primary growth

W% = G(VO, Do> Sl ) (5.16)
When carrying out three cuttings for

the second cutting is (cf. Eq. 5.6)
instance, the yield W* 2 obtained in

W* a = G{V(SI ), D(Sl), s 2 - Sl ) (5.17)

5

Fig. 34. Parameters m and b (Eq. 5.12) in the experimental swards located in different points
inside the growing season (1973).

123



The optimum cutting schedule, weighted with the digestibility of the dry-
matter, for Italian ryegrass to be cut twice and three times was looked for.
The weighting was first carried out directly with the in vitro digestibility. The
dry-matter yield was then weighted with a few linear weighting functions from
Fig. 32, as the limit of the rejection digestibility was varied (Fig. 35).

Decreases in the dry-matter yield resulting from changing the optimum
cutting schedule and the corresponding digestibility of the silage obtained in
different cuttings, when the weighting method is varied, are presented in Tables
9 and 10.

Table 9. Effect of different weighting methods (a, see text) on the digestibility (in vitro) of dry
matter and the yields of Italian ryegrass cut twice. dL and d 2 = digestibilities in the first and
second cuttings, Wlf W 2 and W 3 = the yields in the first and second cuttings, and total (kg ha-1).

a d x d 2 Wj W 2 Wt
o/ 0//o /o

77.4 82.9 5452 2747 8199
0 77.6 82.8 5318 2871 8189

10 77.7 82,8 5271 2912 8183
20 77.7 82.8 5271 2912 8183
30 77,8 82.7 5222 2952 8174
40 77.9 82.7 5172 2993 8164
50 78.0 82.6 5067 3072 8139
60 78.2 82.4 4900 3189 8089
70 78.7 82.1 4528 3416 7945
75 79.2 81.7 4113 3637 7749
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Fig. 35. Effect of weighting with dry-matter digestibility on the optimum cutting schedule
of Italian ryegrass to be cut twice or three times (see text).
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Table 10. Effect of different weighting methods (a, see text) on the digestibility (in vitro)
of dry matter and the yields of Italian ryegrass cut three times, dj, d 2, d 3 = digestibilities in
the first, second and third cuttings, W 2, W 2, W 3, W t = the yields in the first, second and third
cuttins, and total (kg-ha~')

a d 2 d 2 d 3 Wt W 2 W 3 Wt
% % %

78.8 81.9 83.6 4459 2622 1620 8701
0 79.1 81.8 83.6 4241 2751 1700 8693

10 79.1 81.8 83,5 4119 2861 1700 8680
20 79.2 81.7 83.5 4119 2784 1779- 8682
30 79.2 81.7 83.5 4119 2784 1779 8682
40 79.3 81.7 83.5 3985 2830 1849 8665
50 79.5 81.6 83.5 3985 2769 1907 8661
60 79.8 81.5 83.4 3611 3020 1970 8602
70 80.3 81.3 83.3 3040 3160 2261 8461
75 80.8 81.2 83.2 2617 3260 2458 8335

5.5. Discussion

The optimum cutting schedule of Italian ryegrass was determined for a
theoretical ley, the yield of which was calculated with the aid of a growth model
constructed on the basis of development and crop growth rate studies. Tibs
model is exceedingly specific: almost all of the information about the ley re-
quired for optimization is included on the one hand in the vector V (Eq. 4.20)
of the proper growth rate and on the other hand in the vector D (Eq. 5.13)
of the digestibility of the dry-matter. As a matter of fact, the model itself can
only be used to depict the behaviour of a certain ley under certain conditions.
For this reason the optimum cutting schedule should be considered primarily
as an analysis technique which can be used to approach the problem of the
maximization of the total yield under certain conditions. When examining the
results of optimization it should be kept in mind that the results are not ob-
servations taken directly from the actual situation in the field, but rather
observations concerning the behaviour of a greatly simplified model. The de-
gree to which the results given by the model correspond to the field observations,
or is the model a sufficiently accurate idealisation for the actual situation, can
only be verified by means of field experiments.

Calculation of the optimum cutting schedule using the gradient method
was found to be fast and flexible. The same computer program, with slight
modifications, could be used to calculate the best number of cuttings, the
maximum total yield weighted by the quality of the silage or unweighted, and
the optimum cutting schedule. The calculation was based on the substitution
of chronological time by the development stage of the sward. The method
thus becomes more abstract and maybe somewhat laborious to follow up, but
the computation becomes correspondingly more simple. At the same time the
optimum cutting schedule becomes fixed to the weather conditions prevailing
during the growing season.
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When the optimum cutting schedules were calculated, the total yield, both
weighted and unweighted, which was obtained from three cuttings was greater
than that obtained from two cuttings. This is quite opposite to the observed
situation in perennial swards where the largest total dry-matter yield from swards
under Finnish conditions is obtained from two cuttings only (e.g. Raininko
1968). The differences between cutting twice and three times were however

quite small, at their greatest about 500 kg • ha -1 (approx. 6% of the total
dry-matter jdeld). It would be difficult to verify the significance of such small
differences in ordinary field experiments. In addition it should be remembered
that optimization does not include any information about possible mechanical
and physiological damage to the sward incurred in connection with the cuttings.
This effect may possibly decrease the total yield as the number of cuttings
increases.

An obvious trend in the results was that the cuttings were concentrated in
the latter half of the growing season. This concentration was stronger, the
slighter was the weighting of the dry-matter yield. The first cutting date was
chosen at the end of July or the beginning of August. As a result, a greater
yield was obtained in the first cutting than in the others. Therefore when
growing Italian ryegrass it is not worth trying to obtain yields of similar size
in each of the cuttings (cf. Huokuna 1964). As we are concerned here with an
annual grass, the primary growth should be given enough time to tiller and
consolidate its root system before the first cutting is carried out. The growth
potential of the aftermath will thus be exploited to the full (cf. p. 109). The
optimum cutting schedule calculated with the model probably allows the pri-
mary growth too much time for growth. This question should be considered
by setting up field experiments.

When the dry-matter yield was weighted directly with the digestibility of
the dry-matter, the dates of the optimum cutting schedule were moved back
only one or two days earlier than those obtained in the optimization of the
total dry-matter yield. Thus the weighting which was carried out was slight.
This is further emphasised by the fact that the digestibility of tetraploid Italian
ryegrass remains within quite narrow limits (Fig. 33). When the weighting was
made steeper, the cutting dates as would be expected were moved backwards
(Fig. 35). The result is identical to the observations made on perennial leys
where it was found that the earlier the development stage at which the sward
is cut, the higher is the quality of the silage (cf. e.g. Pritchard et al. 1963,
Minson et. al. 1964, Mowat et al. 1965).

Moving the cuttings in the cutting schedules to earlier dates resulted in a
slight decrease in the total dry-matter yield. This decrease was quite small
and it was compensated for by an increase in the quality of the silage. The
optimum cutting schedule thus fulfills the requirement of modern plant hus-
bandry, according to which the cuttings of Italian ryegrass are to be chosen
so that the yield obtained is as large and of as high a quality as possible.

The yield of the optimum cutting schedule was not sensitive to small changes
in the cutting schedule. Brockington et al. (1970) came to the same conclusion
when studying the maximization of the digestible dry-matter yield of a perennial
ley. The unweighted or relatively lightly weighted optimum cutting schedule
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for Italian ryegrass cut three times was also interesting from the point of view
of practise. It is the same as the one which has already been used in Northern
Finland: the sward is to be cut at the end of July, end of August and end of
September (Anttinen 1960).

5.6. Towards the optimum cutting schedule of Italian ryegrass

Calculation of the optimum cutting schedule of Italian ryegrass was based
on an abstract model of the crop growth rate. A study based on the use of
models can be illustrated by the following diagramme (Fig. 36):

The model study consists of three stages; the simplification of a real object
to form a model, the use of the model as a certain type of mathematical ex-
periment, and the interpretation and comparison of the results with the actual
situation. When the results are interpretated, the features of the object which
are the least understood are usually revealed. However, they cannot be stu-
died using the model itself but only by means of new experiments under field
conditions or in the laboratory (Spedding 1971, p. 195). The cyclical use of
the model and the focusing studies circulate until the model is finally good
enough, i.e. the object is so well understood that it can be simulated.

The model of the crop growth rate of Italian ryegrass was constructed on
the basis of the height measurements taken in 1972 (Pohjonen and Hari 1973).
The first experiments with the model showed that the dry-matter yield of
Italian ryegrass can be simulated by means of the concepts development rate
and crop growth rate and that temperature in addition to time is the only

Fig. 36. Cycle of work stages in the model study (cf. Kärenlampi and Tammisola 1970).
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input data that can be employed when attempting to attain sufficient accuracy
under the conditions prevailing in Lapland. The development rate and crop
growth rate were studied in 1973 by means of height measurements and yield
samples. The model constructed on the basis of these experiments turned out
to be rather satisfactory although it gave an underestimate for the dry-matter
yield. The field studies set up in 1974 were designed so that more precise data
would be obtained about the dry-matter yield of the sward in the final stages
of development. After the model has been used it is noticed that a number of
details again require checking. For instance, the development rate is insuffi-
ciently known. Whether or not the day length introduces essential precision to
the calculation of the development stages or whether the temperature depend-
ance of the development rate is the same at different stages of the ontogeny
should be studied. Similarly, the calculation of the proper growth rate should
be adjusted by studying whether or not curves other than symmetrical logistic
growth curve can be used to describe the dry-matter yield. Furthermore,
the behaviour of vector V, which describes the properties of the ley in the equa-
tion for the proper growth rate, during the growing season, should be known.
Specific objects like these will appear after the model study has rotated a num-
ber of times. As a matter of fact, the circle itself must be rotated forever, unless
the accuracy reached at some stage is considered to be sufficient.

The model based on the 1974 field experiments was used in the determination
of the optimum cutting schedule of Italian ryegrass. Some features also arose
at this stage which require further examination in field experiments. For
instance, concentration of the cutting instants in the optimum cutting schedule
in the latter half of the growing season is just such a feature.

When the zircle of the model study has rotated enough it can finally be used
to simulate the growth of a cultivated Italian ryegrass, namely the growth
of the one growing on peat soil under specific conditions at the Arctic Circle
Experiment Station. An optimum cutting schedule can obviously be found
for it with a relative good degree of accuracy. Although a number of generaliza-
tions can already be made on the basis of this ley about leys growing under
corresponding cultivation conditions, some studies on the significance of differ-
ent soil types, different moisture conditions, different varieties etc. in the
computation of an optimum cutting schedule have still to be carried out before
optimum cutting schedules intended for practical cultivation can be presented.
These stages however are only adjustments because the optimization method
presented in this study is also suitable for studying these features.

It should be kept in mind that the calculation of an optimum cutting sched-
ule requires information about the weather conditions prevailing during the
growing season. Cutting recommendations can only be given for the forthcoming
growing season with any degree of certainty if it is possible to predict in advance
the coming weather conditions sufficiently accurately.

In this study, the total dry-matter yield was first maximised using the op-
timum cutting schedule, followed by the total yield weighted with the digesti-
bility of the dry-matter. Although the optimization weighted by the silage
quality reflects more accurately the actual situation, than the maximization
of the total dry-matter yield alone, it still does not represent the optimum which
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the farmer requires. He includes the economical features in the computation
as well. For instance, he weighs the number of cuttings against the resulting
costs. The optimum cutting schedule as far as the farmer is concerned max-
imises the final result in economic terms. Only when the costs are included
in the computation can the real optimum cutting schedule of Italian ryegrass
be approached.
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6. Summary

The aim of this study was to approach those bases which determine the
optimum cutting schedule of Italian ryegrass (Lolium multiflorum Lam.) grown
under Lapland conditions (66° 35’ N) using agricultural techniques as controlled
as possible. The optimum cutting schedule was defined as choosing those dates
within the growing season which maximise the total yield calculated as the
sum of the separate cuttings. The main principle involved in optimization is
to pick the cutting dates such that the crop growth rate (CGR) (dW/dt, where
W = biomass and t = time) of the sward is maintained at as high a level as
possible throughout the growing season. In order to be able to put the crop
growth rate into quantitative terms, the development rate of Italian ryegrass
was first studied. A method was presented for the determination of its tempera-
ture dependance, which utilises only observations taken under field conditions.
The measure of another time concept, DVS, which can be used to put a numerical
value on the Development Stages, was calculated by means of Hari’s trans-
formation for Italian ryegrass from the development rate. A dynamic model
was then formulated for the crop growth rate of Italian ryegrass in which
DVS represented the essential role. The growth model was constructed as
multiplicative, in which the factors were the internal state resulting from the
ontogeny of the plants, and the environmental state. A new concept, the
proper growth rate, PGR: increase in the dry-matter yield of the sward per
unit of DVS (PGR = dW/ds), was defined in order to quantify the internal
state. In the study, the proper growth rate measured the growth potential
which is associated with the stages of development in an Italian ryegrass sward.
The earlier determined development rate (M) was observed as the value of the
environmental state, which was the other factor in the growth model. The crop
growth rate model is thus CGR = PGR ■ M.

The crop growth rate of Italian ryegrass was studied at the Arctic Circle
Experiment Station during 1973 and 1974. The proper growth rate was deter-
mined from primary observations as the derivative of an ordinary logistic
growth curve which passes through the origin. The behaviour of the proper
growth rate was studied using swards which were situated at different times
during the growing season. It was found that the aftermath is only able to
maintain as intensive a level of growth as possible, after cutting, when the
sward which preceded it, is allowed to consolidate itself until the end of July

beginning of August. The maximum theoretical daily growth of Italian
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ryegrass at the Arctic Circle Experiment Station was calculated, using the proper
growth rate, as 300 kg • ha -1 • day-1

.

The optimum cutting schedules for a hypothetical Italian ryegrass sward
were sought using the crop growth rate model of Italian ryegrass, an experimen-
tal sward used being as a prototype. The weather data used was that collected
in 1974. The digestibility (in vitro) of the dry-matter yield was used to find
the optimum cutting schedule in order to maximise the total yield which has
been weighted in different ways. It was noticed that to find the optimum solution
it was sufficient to choose the cutting dates so that the proper growth rate
was maintained at as high a level as possible throughout the growing season.
An optimization method based on the gradient concept was used to determine
it. The maximum yield was obtained when the sward is cut three times, and
when the cuttings are concentrated into the latter half of the growing season.
The primary growth had to be given enough time to tiller and consolidate its
rooting system before making the first cuttipg, which according to the results
of this study should not be carried out until the end of July. The yield of the
optimum cutting schedule was not sensitive to small changes in the cutting
dates. In addition, by increasing the number of cuttings from two to three the
total yield was only sightly greater. From the practical point of view, the op-
timum cutting schedule for Italian ryegrass cut three times was also interest-
ing. It was the same which has already been used in Northern Finland: the
sward is to be cut at the end of July, the end of August and the end of Septem-
ber.
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S. APPENDICES

Appendix 1. Fitting the curves to the primary observations (see Brougham and Glenday 1967).

An exponential dependance caused by tillering exists between the height of the sward and

the dry-matter yield. The curve to be fitted has the form W = Q • —1), where h is the
■cumulative height increment of the measurement series counting from the start of the measu-
rement series and W is the dry-matter yield. The values of parameters Q and C are to be found
•which minimise the following sum of squares:

E = 2'(Wj -Q-(eC-h j-l))*
Q and C are found using the following iterative procedure:
(1) Find first approximations: Q t , C x
(2) Write: F = W + Q- Q-eC ' h

(3) Calculate FQ(j) = aF/aQ =l-e • C ’ h(i)

FC(j) = aF/ac = -Q. ec ' h(j) -h(j)

F(j) = W(j) +Q-Q ■ e C ■ h(j)
at each observed point (h, W) for Ql( C t

{4) Form the normal equations:

s FQ(j) 2 • y + S FQ(j) • FC(j) • z = sFQÖ) • F(j)
E FC(j) • FQ(j) • y + £FC{j)*-*= £FC(j)-F(j)

(5) Solve for (y) and (z)

(6) Second approximations to Q and C are given by:
Qs = Qi - y
C 2 = Cj z

(7) Continue from point (3). The process converges to the required parameters of the fitted
curve.

FORTRAN program used in the earlier presented curve fitting is available from the De-
partment of Plant Husbandry, University of Helsinki.
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Appendix 2. Changing the cutting schedule in the direction of the gradient.

The following notations are used (enclosed figure):

The old cutting schedule at point A = (s 2(A), s2(A)).
The new cutting schedule at point B = (Sj(B), s2(B)), such that point B is at the distance
of the norm of the gradient vector in the direction of the gradient from point A
For point A, the radius vector OA = Sj(A) • i + s2(A) ■ j
For point B, the radius vector OB = s,(B) • i + s2(B) • j
The total dry-matter yield to be maximised W t = Wt (s x, s 2).

Let us calculate the gradient vector AB:

(1) direction of the gradient: aWJasj • i + 9Wt/9s2 ■ j
(2) length of the gradient vector sdr (directional derivative in the direction of the gradient)

V (awt/asj) 2 + (awt/as2 ) 2
= sdr

(3) the gradient vector AB:

aWt/asj-i aw t t/as2 -j
AB = -)-

sdr sdr

It can be seen from the figure that OB = OA + AB.
Let us place the vectors OA and AB in this equation

3Wt/as, awt/9s,
OB = Sj(A) •i + s2(A) •j + —1 ■i + 2-j

sdr sdr

f 3Wt/3s, n r aw t/as2i°E= Sl (A) + __JJ . i+ [s 2(A) + —J.j
The coordinates of point B (the new cutting schedule) are obtained from vector OB:

aw t/as,
si(B) = Sj(A) +

sdr

3Wt/as,
sdr

s s(B) = ss(A) +

The next cutting schedule at point C can be calculated using the same method. The pro-
cedure is repeated until the maximum dry-matter yield is reached. When necessary, the length
of the step can be changed by multiplying sdr by some constant.

The method can be analogically generalized for more than three cuttings. Using the earlier
described method the maximum is not found precisely, but only comes close to it. The value
of sdr, which approaches nought, for instance can be used as the stopping criterion of the itera-
tion.

FORTRAN program used in the earlier presented optimization is available from the De-
partment of Plant Husbandry, University of Helsinki
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9. SELOSTUS

Dynaaminen malli Italian raiheinänurmen optiminiittoaikataulun määrittä-
miseksi

Helsingin yliopiston kasvinviljelytieteen laitos

Tämän tutkimuksen tarkoitus oli lähestyä niitä perusteita, jotka määräävät Lapin oloissa
kasvavan viljelyteknisesti mahdollisimman vakioidun Italian raiheinän (Lolium multiflorum
Lam.) optiminiittoaikataulun. Optiminiittoaikatauluksi nimitettiin sitä niittojen ajoittumista
kasvukauteen, joka maksimoi eri niitoista yhteenlasketun kokonaiskuiva-ainesadon. Opti-
moinnin pääperiaate on valita niittoajankohdat siten, että nurmen kasvunopeus (CGK = dW/dt,
missä W = biomassa ja t = aika) pysyy kasvukauden ajan mahdollisimman suurena. Kasvu-
nopeuden kvantifioimiseksi tutkittiin ensin Italian raiheinän kehitysnopeutta. Sen lämpötila-
riippuvuuden määrittämiseksi esitettiin menetelmä, jolla havainnot voidaan tehdä suoraan kent-
täoloissa. Kehitysnopeudesta Italian raiheinälle laskettiin HARin muunnoksella lämpötilan
ja ajan yhdistävä kehitysvaiheen mittaluku (s). Seuraavaksi Italian raiheinän kasvunopeudelle
formuloitiin dynaaminen malli, jossa kehitysvaihe oli keskeinen elementti. Kasvunopeuden
malli rakennettiin multiplikatiiviseksi, jossa tekijöinä olivat kasvien yksilönkehityksestä joh-
tuva sisäinen tila sekä ympäristön tila. Sisäisen tilan laskemiseksi määriteltiin käsite ominais-
kasvunopeus PGR (Proper Growth Kate) kasvuston massan muutoksena pientä kehitysvaiheen
lisäystä kohti (PGR = dW/ds). Ominaiskasvunopeus mittasi tutkimuksessa kasvupotentiaa-
lia, joka liittyi Italian raiheinän kasvuston eri kehitysvaiheisiin. Kasvunopeuden mallin toisen
tekijän ympäristön tilan mittaluvuksi havaittiin aikaisemmin määritelty kehitysnopeus (M).
Kasvunopeuden malli on siten CGR = PGR • M.

Italian raiheinän kasvunopeutta tutkittiin vuonna 1973 ja 1974 Lapin koeasemalla. Omi-
naiskasvunopeus määritettiin primäärihavainnoista origon kautta kulkevan logistisen kasvu-
käyrän derivaattana. Ominaiskasvunopeuden käyttäytymistä tutkittiin eri aikaan kasvukautta
sijoittuneissa kasvustoissa (kuvat 22 ja 25). Havaittiin, että odelma pystyi mahdollisimman
intensiiviseen kasvuun vasta, kun sitä edeltänyt kasvusto oli saanut vahvistua heinä elokuun
vaihteeseen. Ominaiskasvunopeuden avulla laskettiin teoreettinen Italian raiheinän päivittäi-
sen kasvun maksimi Lapin koeasemalla: n. 300 kg*ha” l, vrk —l .

Italian raiheinän kasvunopeuden mallin avulla etsittiin optiminiittoaikatauluja hypoteetti-
selle Italian raiheinänurmelle, jonka esikuvana oli tutkimuksissa Lapin koeasemalla käytetty
nurmi. Säätietoina käytettiin vuoden 1974 havaintoja. Optiminiittoaikatauluja etsittiin sekä
kokonaiskuiva-ainesadon että kuiva-aineen sulavuudella (in vitro) eri tavoin painotetun ko-
konaissadon maksimoimiseksi (kuvat 28, 31 ja 35, taulukot 6ja 7). Optimiratkaisun löytämiseksi
havaittiin riittävän, jos niitot ajoitetaan siten, että ominaiskasvunopeus pysyy kasvukauden
ajan mahdollisimman suurena. Optiminiittoaikataulun löytämiseksi käytettiin gradientin kä-
sitteeseen perustuvaa optimointimenetelmää. Maksimaalinen sato havaittiin saatavan, kun kas-
vusto niitetään kolme kertaa. Niittojen havaittiin keskittyvän kasvukauden loppupuolelle.
Primäärikasvuston oli annettava riittävästi pensastua ja sen juuriston vahveta ennen ensimmäis-
tä niittoa. Optiminiittoaikataulun tuottama sato ei ollut herkkä pienille niittoaikataulun muu-
toksille. Myös niittojen lukumäärän nostamisella kahdesta kolmeen oli vain vähäinen vaikutus
kokonaissatoon. Käytännön kannalta mielenkiintoinen oli myös kolmesti niitettävän Italian
raiheinän optiminiittoaikataulu. Se oli sama, mitä Pohjois-Suomessa on jo käytetty; kasvusto
on niitettävä heinäkuun lopussa, elokuun lopussa ja syyskuun lopussa.


