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ABSTRACT

The impact of nutrition on lactation can be separated
into acute effects, affecting day-to-day yield, and
chronic effects, which govern the persistency of lacta-
tion and rate of decline of the lactation curve. A mathe-
matical model of the mammary gland was constructed
to investigate both acute and chronic effects. Mammary
growth is expressed in terms of the dynamics of popula-
tions of active (secreting) and quiescent (engorged) alve-
oli. The secretion rate of active alveoli is expressed in
terms of the energy status of the dam.

The model was fitted to data from a 2 × 2 factorial trial
in which lactation curves were measured for heifers
of two different genotypes (North American and New
Zealand Holstein-Friesians) fed two different diets
[grass and total mixed rations (TMR)]. Total formation
of alveoli during pregnancy and lactation was statisti-
cally the same across all groups despite differences be-
tween diets, in the rate of formation of alveoli at partu-
rition.

The senescence rate of alveoli was significantly
higher for heifers fed grass compared with heifers fed
TMR, which corresponds to better persistency for heif-
ers fed TMR. Heifers fed TMR had a higher rate of
reactivation of quiescent alveoli than heifers fed grass,
which also contributes to increased persistence for heif-
ers fed TMR. There was a genotype × diet interaction
in the rate of quiescence of active alveoli: the North
American-Grass group had a higher rate of quiescence
than the other three groups, perhaps reflecting differ-
ences in selection pressures between the New Zealand
and North American genotypes.
(Key words: mammary gland, modeling, nutrition,
milk production)

Abbreviation key: ME = metabolizable energy, PQ =
pasture quality.
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INTRODUCTION

A mathematical model of lactation that can predict
production under a variety of situations is useful from
both management and breeding points of view. A large
number of lactation models already exist, and these
can be divided into empirical and mechanistic models.
Empirical models can be regarded as primarily data
based, whereas mechanistic models consider underly-
ing structure and interaction (with some degree of ab-
straction). The detail and level of representation in
mechanistic models varies widely, and from a philo-
sophical viewpoint there are no purely empirical or
purely mechanistic models (Nestorov et al., 1999).
Thus, Nestorov et al. (1999) note the distinction be-
tween empirical and mechanistic “can only be relative,
reflecting the predominance of empirical or mechanistic
elements in a particular model.” In this paper “mecha-
nistic” is used to describe any model that addresses the
underlying biological processes, at some level, in order
to predict outcomes. Perhaps the most widely used
model of a whole lactation is the empirical model given
by Wood (1967), which, although originally developed
for cattle, has been fitted to lactation curves in sheep
(Sakul and Boylan, 1992) and goats (Williams, 1993).
Numerous alternative empirical models have been pro-
posed (for example, Jenkins and Ferrell, 1984; Emmans
and Fisher, 1986; Morant and Gnanasakthy, 1989). Pa-
pajcsik and Bodero (1988) reviewed a number of lacta-
tion models; Hohenboken et al. (1992), Williams (1993),
and Olori et al. (1999) gave a comparison of the perfor-
mance of some models in fitting lactation curves.
Whereas empirical models can provide good fits to data,
they tend to suffer from a lack of portability and do not
lend themselves to useful biological interpretation, as
has been noted by Wood (1977). In comparison with the
number of empirical models, the number of mechanistic
models is small (Friggens et al., 1999). The first attempt
at a mechanistic model of lactation can be traced to
Neal and Thornley (1983), in whose model division of
undifferentiated cells produces secretory cells of finite
life, with secretory activity and cell death influenced
by the presence of milk in the udder. However, the
parameter requirements of this model are considered
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(Williams, 1993; Dijkstra et al., 1997) to preclude the
model from practical use. Dijkstra et al. (1997) con-
structed a mechanistic model of mammary gland
growth and lactation to produce a single, explicit equa-
tion for milk production. Dijkstra et al. (1997), like Neal
and Thornley (1983), assumed a single pool of secretory
cells in the udder, with one influx and one efflux. Endo-
crine changes associated with pregnancy were assumed
to cause the proliferation of secretory cells through the
division of undifferentiated cells, continuing into early
lactation. Efflux from the pool was caused by cell death
during lactation. The patterns of cellular differentiation
during mammary gland development, and the decline
of cells leading to involution have been documented by
Knight and Wilde (1993).

The model constructed by Dijkstra et al. (1997) has
more biological basis than that of Neal and Thornley
(1983). However, it can be improved in three ways.
First, whereas Neal and Thornley (1983) and Dijkstra
et al. (1997) considered that the mammary gland con-
sisted of only one pool of secretory cells, Molenaar et al.
(1992) found that milk protein gene expression varied
widely throughout the mammary gland in sheep and
cattle. The existence of two types of alveoli was shown,
some actively secreting and others that were quiescent.
Second, the influence of nutrition or energy intake on
mammary gland growth and performance were not con-
sidered by Dijkstra et al. (1997), nor by Neal and
Thornley (1983)—milk yield responds rapidly to nutri-
tional stress (Knight et al., 1994), although energy-
deficient cows will partially buffer milk production at
the expense of body reserves (Somerville et al., 1983).
Third, the effect of milking frequency was ignored. This
paper addresses the first two of these concerns by devel-
opment of a mammary gland model as two interacting
pools of alveoli (active and quiescent), with milk produc-
tion being related to both the number of alveoli and the
energetic status of the dam. The predictions of this
model are then compared with experimental data to
indicate how energy status affects the dynamics of
mammary gland growth. Modeling the third concern,
the effect of milking frequency on mammary growth,
results in additional mathematical complexity (Shorten
et al., 2002). The data used in this paper was from
heifers milked twice daily only, and thus the effects of
different milking frequencies could be ignored, allowing
the use of a simpler model more amenable to compari-
son with data.

MODEL DEVELOPMENT

Composition of the Mammary Gland

The mammary gland consists of active and quiescent
alveoli, each alveolus being made up of approximately
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150 to 300 secretory cells (Weber et al., 1955). Active
alveoli secrete milk, whereas the quiescent alveoli have
lost this ability and also show no expression of casein
genes (Molenaar et al., 1992) but have high levels of
lactoferrin expression. This observation of heterogene-
ity of gene expression was confirmed in biopsy tissue
from the udders of lactating cows (Farr et al., 1996),
where quiescent alveoli were in the order of 10% of
the total alveolar population. Individual cells within
an alveolus, and indeed within lobules of alveoli, all
conformed to the same type of gene expression. Thus,
quiescent and active lobules could be distinguished on
the basis of lactoferrin or casein expression (Molenaar
et al., 1992). For the purpose of this model the alveolus
is considered to be the ‘base functional unit’ for secre-
tion, and it is hypothesized that when cells are lost
from the mammary gland they are lost as whole alveoli,
either disappearing entirely or partly, with some cells
remaining in the gland in an undifferentiated state.

Effect of Energy Status on Milk Production

In this paper, milk production is expressed in terms
of energy content of the milk (i.e., MJ/d) rather than the
usual liters per day or kilograms per day. The number of
active alveoli is denoted by A, and the number of quies-
cent alveoli by Q. Let S be the maximum milk energy
secretion rate of the average, active alveolus, in MJ/d.
Then, the maximum milk production rate (P, on an
energetic basis) of the mammary gland is

P = SA. (1)

Underlying this expression for P is the assumption
that the dam is being milked sufficiently frequently
that the udder is never filled to capacity (in which case
milk pressure prevents further secretion). This assump-
tion regarding udder fill appears to be valid for the data
that were used, where heifers were milked twice daily:
typically, Holsteins fed concentrates take approxi-
mately 18 h or more to fill their udder to capacity (Davis
et al., 1998, 1999), and the effects of udder fill are likely
to have a negative effect only for cows milked once per
day. The Vetharaniam et al. (2001) model for animal
energetics includes a pool, N, which corresponds to the
energy flux in the blood of an animal. N has a maximum
value, Nu, which corresponds to a maximal level of nu-
trition (which may not be realized because of digestive
constraints). Partitioning of energy for each mode of
energy utilization (e.g., pregnancy, lactation, or growth)
is done through this pool in terms of an “energy status,”
E, which we define as the ratio:

E = N/Nu, (2)
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Figure 1. Partitioning of mammary secretory cells in the udder
into dynamically interacting components.

taking a value between 0 and 1. Daily milk production
is given as a “current” of milk energy, I, expressed in
MJ d−1, where

I = ELP (3)

when E = 1 (maximal nutrition), I = P (maximal milk
production). The power L (unitless) is an “elasticity of
production” parameter that governs the response of
milk yield to nutrition, when E < 1 (when nutrition is
not maximal). If L = 0, milk production is unresponsive
to energy status, E. If L = 1, milk production decreases
linearly with E. In principle, L might be affected by
pregnancy status. However, for simplicity, L is as-
sumed constant.

Alveolar Dynamics

The mammary gland is conceptualized as in Figure
1 into a pool of active alveoli, A, and a pool of quiescent
alveoli, Q. The active pool has two inflows—division of
progenitor cells (undifferentiated cells) at a rate rpa,
and the reactivation of quiescent alveoli at a rate rqa.
Quiescence of active alveoli, at rate raq, is the only sink
for the active pool, and provides the sole influx for the
quiescent pool. The quiescent pool has two sinks: the
reactivation of quiescent alveoli, and the senescence of
quiescent alveoli at rate rqs. Although quiescent alveoli
are not secreting, they have the potential to become
active, and thus store latent secretory capability. The
senescence of quiescent cells reduces this capability,
and the greater the rate of senescence, the less persis-
tent the lactation.

The change with time of A and Q are given in terms
of these rates:
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dA
dt ≡ rpa − raq + rqa (4)

dQ
dt ≡ raq − rqa + rqs (5)

Hormonal, nutritional, physiological, and manage-
ment factors can all be expected to impact on these
rates of flow into and from both pools. In the absence of
knowledge regarding the way in which nutrition affects
each of these rates, it is hypothesized, as a first approxi-
mation, that none of these rates is affected by nutrition
(or energy status). This is taken as a null hypothesis,
and it is tested in this paper. Expressions for the rates
of flow are taken as follows. Let t be the time from
parturition. The rate of production of active alveoli by
progenitor cells, rpa is given an initial value k1 (units
d−1), and following Neal and Thornley (1983) it is as-
sumed that rpa decays exponentially, with time con-
stant k2:

rpa = k1 exp (−k2t). (6)

It is assumed that raq, the rate of quiescence of active
alveoli, is proportional to active alveolar number, A, by
a factor k3 (units d−1). It is further assumed that rqa

and rqs, the respective rates of reactivation and senes-
cence of quiescent alveoli are proportional to the quies-
cent alveoli population, Q, with respective proportional-
ity constants k4 and k5, both with units d−1.

raq = k3A (7)

rqa = k4Q (8)

rqs = k5Q (9)

Substituting equations 6 and 7 to 9 into equations 4
and 5 gives the following set of differential equations for
the evolution of active and quiescent alveolar numbers
with time.

dA
dt = k1 exp (−k2t) − k3A + k4Q (10)

dQ
dt = k3A − (k4 + k5)Q (11)

The presence of quiescent alveoli requires that some
active alveoli have lactated and experienced prolonged
engorgement resulting in a change in gene expression.
Very near the start of a lactation, it is unlikely that
any alveoli will have been in an engorged state for
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long enough to induce them to quiesce. Therefore it is
assumed that there are no quiescent alveoli at parturi-
tion. Thus the initial condition, A = A0 and Q = 0 when
t = 0, is imposed, where A0 is a constant. The system
of differential equations formed by equations 10 and 11
can be solved explicitly, and has the following solution:

A = de−k2t + l6ew6t + l7ew7t, (12)

Q = ce−k2t + q6ew6t + q7ew7t, (13)

where d, l6, l7, w6, w7, c, q6, and q7 are functions of the
parameters A0, k1, k2, k3, k4, and k5:

c ≡ k1k3

k2(k2 − k) + k3k5
(14)

d ≡ c
k3

(k4 + k5 − k2) (15)

w6 ≡ − k
2 + 1

2 √k2 − 4k3k5 (16)

w7 ≡ − k
2 + 1

2 √k2 − 4k3k5 (17)

l6 ≡ q6

k3
(w6 + k4 + k5) (18)

l7 ≡ q7

k3
(w7 + k4 + k5) (19)

k ≡ k3 + k4 + k5 (20)

q6 ≡ (w7 + k2)c + A0k3

w6 − w7
(21)

q7 ≡ − (w6 + k2)c + A0k3

w6 − w7
(22)

Substituting equations 1 and 12 into equation 3 gives
the following lactation curve as a function of energetic
status and time since parturition.

I = SEL (de−k2t + l6ew6t + l7ew7t) (23)

Equations 12 and 13, for the evolution of the active
and quiescent alveoli pools, were developed with the
implicit assumption that milking frequency and nutri-
tional effects on alveolar dynamics are not changing
with time. For a lactating animal subjected to varying
levels of energy/nutrient deficit, the assumption of con-
stant nutritional effect is unrealistic since, in cattle at
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least, alveolar capacity is affected by diet (Davis et al.,
2000). The goal of this paper is to estimate the effect
of nutrition on the rates expressed by equations 6 to 9,
by a statistical estimation involving the fitting of the
model to experimental data.

Model Fitting

Equation 23 was fitted to time-series data for milk
production, I (MJ/d), using the times series data for the
energy status, E, of the dam and a theoretical value for
the milk secretion rate S. This allowed the estimation
of the parameter L and the values of the bracketed
terms (de−k2t + l6ew6t + l7ew7t) for each of the data times,
which in turn allowed the parameters A0, k1, k2, k3, k4,
and k5 to be estimated (equations 14 to 22). Typically,
time series measurements on the populations of active
and quiescent alveoli are difficult to obtain. However,
knowing the parameters in equations 14 to 22 allows
the use of equations 12 and 13 to estimate these popula-
tions. Data used for this procedure came from a 2 × 2
factorial trial in which 48 primiparous, 2-yr-old heifers
of two different genotypes New Zealand Holstein-
Friesian vs. North American Holstein-Friesian (The
North American genotype included heifers from The
Netherlands and the United States, with the origins of
the Dutch heifers being in North America within the
last 10 yr.)] were fed on two different diets [all-pasture
(grass) vs. TMR] (Kolver et al., 2000). Data available
from the trial were recorded at weekly intervals and
included both liveweight and weekly averages of daily
milk production for each heifer.

To obtain values for the energy status, E, of each
heifer, the lactation model should be coupled with its
complementary animal model (Vetharaniam et al.,
2001), and the resultant larger model being fitted to
intake, weight, and lactation data. However, pasture
intake data for the trial, which were measured from
rising plate meter assesments, were considered unrelia-
ble because high pasture allowances resulted in similar
pre- and postgrazing pasture masses. Thus another ap-
proach was used: an estimated energy status, E, was
calculated energy status as the ratio of estimated en-
ergy intake to estimated maximum energy intake. En-
ergy intake, specified in terms of MJ metabolizable en-
ergy (ME) per day, was estimated using equations from
Holmes and Wilson (1984), which relate performance
to intake. The empirical relationships given by Holmes
and Wilson (1984), being based on a number of different
studies, provide useful estimates of intake. Using these
equations to estimate intakes for heifers fed TMR as
well as for those fed grass, ensured consistency between
the treatments and avoided biasing parameter esti-
mates. Estimated maximum energy intake for each
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heifer was evaluated as energy required for maximum
growth plus energy required for maintenance plus en-
ergy required for maximum milk production. The maxi-
mum gain observed (after liveweight curves had been
smoothed to remove noise) was 1.96 kg/d. Maximum
daily gain in live weight for each heifer was assumed
to be 2 kg/d and the energy associated with this gain
as 38.5 MJ/kg (Holmes and Wilson, 1984). Maintenance
energy requirements for lactating cattle of liveweight
W, grazing pasture containing more than 11 MJ of ME/
kg DM is given by Holmes and Wilson (1984) as 0.6W0.75

MJ/d. The pasture quality (PQ) available to the heifers
in the trial varied from 9 to 13.4 MJ of ME/kg DM,
and thus the maintenance coeffcient value of 0.6 was
replaced by 0.51 − 0.02 × PQ to account for the changing
efficiencies associated with changing PQ (Holmes and
Wilson, 1984). Holmes and Wilson (1984) accounted
for moderate activity in their maintenance equation,
appropriate for the animals in this study, which walked
an average of 350 m to the milking shed. Maximum
milk production was approximated by actual milk pro-
duction (possibly underpredicting by 20%). The energy
content of milk was obtained assuming that the energy
densities of lactose, fat, and protein in milk are, respec-
tively, 25.0, 56.2, and 31.8 MJ/kg, with an additional
energy content of 0.6 MJ/L of milk volume (Dado et al.,
1993). For every megajoule of milk energy produced,
an additional 0.25 MJ of energy was assumed to be lost
as heat (this corresponds to 80% efficiency in milk pro-
duction).

The actual energy usage was then estimated on the
basis of energy corresponding to an increase or decrease
in live weight (32.0 MJ/kg; Holmes and Wilson, 1984)
plus the energy for maintenance, plus 1.25 times the
energy of milk produced. Eight parameters govern the
production of milk energy (refer to equation 23 and the
identities given in equations 14 to 22). Of these, S,
the maximum secretion rate for an “average” alveolus
was assigned a theoretical value of 3 × 10−9 MJ/d. This
was based on a maximum production of 25 L/d for an
udder containing 50 g of DNA (S. R. Davis, unpublished
data), producing milk with energy concentration of 3.32
MJ L−1 (the average over the trial), with each secretory
cell having 8 pg of DNA, and assuming that there are
150 to 300 cells per alveolus (Weber et al., 1955).

The remaining seven parameters (A0, k1, k2, k3, k4,
k5, and L) were fitted to the data for each heifer using
a nonlinear least squares method. The algorithm used
was a modified version of Brent’s (1973) enhancement
to Powell’s conjugate directions minimization method.
For each parameter, the set of 48 estimates, one for
each heifer, was analyzed by an analysis of variance
to ascertain the effects of breed and diet, using the
statistical computer package Genstat 5 release 4.2.
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RESULTS

The least square means of the analysis are presented
in Table 1. In the statistical analysis, there were, re-
spectively, 9, 10, 14, and 15 animals in the North Ameri-
can-Grass, North American-TMR, New Zealand-Grass,
and New Zealand-TMR treatment groups. No genotype
or diet effects were found on A0, the population of active
alveoli at parturition, which had a mean value of 1.92
× 1010 across all the animals. k1, which has a positive,
linear effect on the rate at which new alveoli are pro-
duced, had a mean value across all groups of 1.44 × 109

d−1. There was a diet effect on k1, with k1 being lower
for TMR than for grass (P < 0.05). However, it is unlikely
that a higher nutritional level would give rise to a lower
proliferation rate for alveoli, and thus the explanation
for this result is unclear. There was no genotype or
diet effect on k2, which governs the rate at which the
production of new alveoli declines with time. k2 had a
mean value across all groups of 1.50 × 10−1 d−1.

The total production of new alveoli by progenitor cells
over the course of a lactation is given obtained by inte-
grating rpa (equation 6) from parturition (t = 0) until the
end of lactation. Typically, rpa falls to zero considerably
before the end of a lactation, and thus total production
during a lactation is k1/k2. Assuming negligible loss of
alveoli during pregnancy (Dijkstra et al., 1997), the
total production of alveoli during the period from con-
ception until the end of lactation is

Aproduced = A0 + k1

k2
. (24)

Comparing Aproduced across groups showed no geno-
type, diet, or genotype-diet effects. This suggests that
the total number of alveoli produced during a lactation
is to a large extent fixed, leading one to speculate that
soon after conception, a fixed pool of mammary progeni-
tor cells is initialized, and that production of alveoli
continues until this pool is exhausted.

k3, which governs the rate of quiescence of active
alveoli showed no diet or genotype effects, but did show
a genotype-diet interaction effect (P < 0.05). For North
American heifers fed grass, k3 had a value of 4.38 ×10−

1 d−1, compared with 3.39 × 10−1 d−1 for North American
heifers fed grass. There was no difference in k3 between
diets for New Zealand heifers, which had a value for
k3 of 3.62 × 10−1 d−1, nor between the North American
TMR group and New Zealand heifers. This indicates
that alveoli in North American heifers fed grass could
be more susceptible to quiescence than in the other
groups. The average value for k3 across the trial was
3.72 × 10−1 d−1.

k4, which governs the rate of reactivation of quies-
cent alveoli, showed a diet effect (P < 0.05). k4 had a
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Table 1. Least square means for the parameters, standard errors of the difference (SED) between the
means, and standard errors of the parameters (in parentheses).1

[SED] Grass TMR Mean [SED]

A0 (× 1010) North American 1.83 (0.16) 1.95 (0.15) 1.89 [0.14]
New Zealand 2.10 (0.13) 1.79 (0.12) 1.94
Mean [0.14] 2.00 1.85 1.92

k1 (× 109 d−1) North American 1.45 (0.18) 1.42 (0.17) 1.43 [0.17]
New Zealand 1.73 (0.15) 1.18 (0.14) 1.45
Mean *[0.16] 1.62 1.28 1.44

k2 (× 10−1 d−1) North American 1.21 (0.34) 1.50 (0.32) 1.37 [0.31]
New Zealand 2.06 (0.27) 1.16 (0.26) 1.59
Mean [0.30] 1.73 1.30 1.50

k3 (× 10−1 d−1) North American 4.38 (0.27)* 3.39 (0.25) 3.86 [0.25]
New Zealand 3.56 (0.21) 3.68 (0.21) 3.62
Mean [0.24] 3.88 3.56 3.72

k4 (× d−1) North American 4.93 (0.53) 5.54 (0.50) 5.25 [0.47]
New Zealand 4.33 (0.43) 5.56 (0.41) 4.97
Mean *[0.46] 4.56 5.55 5.08

k5 (× 10−2 d−1) North American 3.76 (0.51) 0.94 (0.48) 2.28 [0.46]
New Zealand 2.86 (0.41) 1.60 (0.40) 2.20
Mean ***[0.45] 3.22 1.33 2.23

L (× 10−1) North American 5.67 (0.53) 5.07 (0.50) 5.36 [0.46]
New Zealand 5.99 (0.42) 5.78 (0.41) 5.88
Mean [0.45] 5.86 5.50 5.67

Aproduced (× 1010) North American 3.47 (1.02) 3.59 (0.97) 3.54 [0.90]
New Zealand 4.90 (0.82) 3.53 (0.79) 4.19
Mean [0.88] 4.34 3.56 3.93

1Differences significant at the 0.05 (*), 0.01 (**) and 0.001 (***) levels.

value of 4.56 d−1 for heifers fed grass, and a value of
5.55 d−1 for heifers fed TMR, indicating that the TMR
diet enhanced the probability of a quiescent alveolus
becoming reactivated. The average value for k4 over all
heifers was 5.08 d−1.

There was a strong diet effect (P < 0.001) in the value
of the scenescence parameter, k5, but no genotype effect.
For heifers fed grass, k5 was 3.22 ×10−1 d−1, and 1.33
×10−1 d−1 for heifers fed TMR, indicating a greater senes-
cence rate for quiescent alveoli in heifers fed grass. The
average of k5 over all heifers was 2.23 × 10−1 d−1.

There were no genotype or dietary effects on L, which
had a value of 0.567. The absence of dietary effects is
to be expected, since L governs the degree to which a
heifer buffers its milk production when under nutri-
tional stress. According to the model, with L = 0.567,
a heifer at 75% energy status (E = 0.75) would be at
85% production when compared to its production at
maximal feeding; at 50% energy status, it would be at
68% production. Figure 2 shows example fits from each
of the four treatment groups, together with the energy
status (supplied as an input during fitting), and the
model estimate of active alveoli population with time.
Because milk yield is a function of both alveolar popula-
tion, and nutrition, the shape of the alveolar curve is
modulated by the energy status curve to give the fitted
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lactation curve. Thus, peak milk yield does not always
coincide with peak alveolar population.

Figures 3 and 4 show the evolution, over time, of
the populations of active and quiescent alveoli for the
different genotypes and diets (using the corresponding
parameter values in Table 1).

Rates of decline of active alveoli were less for heifers
fed TMR than for heifers fed grass, indicating better
persistency with TMR, and over the course of a lacta-
tion, a larger population of active alveoli. This effect can
be linked to differences between diets in the senescene
parameter, k5. In terms of persistency of alveoli, the
New Zealand genotype performed better than the North
American genotype on grass, but underperformed the
North American genotype on TMR, possibly reflecting
differences in breeding selection criteria in the two
countries. Such a difference may be linked to the geno-
type × diet effect found in the quiesence parameter,
k3. Quiescent alveoli followed opposite trends to active
alveoli, with a grass diet resulting in more quiescent
alveoli at the expense of active alveoli, for the first
part of the lactation. By around midway through the
lactation, this difference disappeared due to the much
greater losses in total alveoli suffered by the heifers on
a grass diet (due to a greater senescence rate, reflected
in a higher value of k5). After an initial equilibriating
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Figure 2. Example fits for each of the New Zealand Grass and TMR groups, showing fit of model to milk yield data, model estimate of
number of active alveoli, and energy status (used as an input).

Figure 3. Active alveoli populations with time for the different
treatment groups.
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Figure 4. Quiescent alveoli populations with time for the different
treatment groups.
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period of a few days, the ratio of active to quiescent
alveoli was constant over the lactation. The higher this
ratio, the larger the proportion of total alveoli being
used for milk secretion. For North American heifers,
this ratio was 16.4 on TMR and 11.3 on grass, whereas
for New Zealand heifers, it was 15.1 on TMR and 12.2
on grass. Thus, in terms of utilizing alveoli for secretion,
North American heifers were better than New Zealand
heifers on TMR, but worse on grass. This effect is again
likely to be linked to the genotype-diet effect found in k3.

DISCUSSION

The formulation of a model of the physiology of milk
production in cows based on the observed biological
interactions provides the basis for testing hypotheses
about the effect of various management strategies at
the physiological level. Previously, management strate-
gies were evaluated as they affected the main observ-
able variable, in this case milk production. This mecha-
nistic model enables the examination of how the compo-
nents that make up milk production vary in relation
to effects such as nutritional level and genotype. The
identification of these physiological effects and how
they change provides important information to scien-
tists seeking to understand variation in milk pro-
duction.

The most apparent effect of diet was on rate of senes-
cence of quiescent alveoli, which was significantly
higher on the poorer diet, for both genotypes. Thus,
from a management point of view, diet may be a key
factor in improving persistency of lactation for Holstein-
Friesians being milked twice daily, as was the case for
all the cows in this study. Milking frequency affects
persistency (Davis et al., 1999). How diet interacts with
milking frequency will be the basis of further study. The
model provides improvements over previous models in
the literature in two important ways: First, it more
closely reflects current biological knowledge by distin-
guishing between mammary secretory tissue in active
and quiescent states, which facilitates interpretation
of data within a framework of current understanding.

Second, it explicitly models the acute effects of nutri-
tion on milk secretion, allowing the chronic effects of
nutrition on mammary growth and regression to be
quantified. The application of the model to identifying
the differences between New Zealand and North Ameri-
can heifers provides insight into the mechanisms un-
derlying the differences in milk production between
these two genotypes. In particular, the model suggests
that the main difference lies in the reactivation of the
quiescent alveoli, but importantly, that this difference
is diet dependent. Thus, it appears that the different
selection pressures that have been applied to each of
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these genotypes have acted on the quiescent to active
pathway. The North American heifers have been se-
lected for production under concentrate feeding condi-
tions and have shown greater responsiveness to the
different diets. The New Zealand heifers have been se-
lected to produce consistently subject to the greater
variation of a pasture-based system, and this has re-
sulted in less responsiveness to diet of the pathways
involving reactivation of quiescent alveoli to their active
state. The difference between the two genotypes is ex-
pressed in the k3 parameter, and therefore it is possible
that more efficient selection for milk production in
North American cows could be achieved by selecting
directly for an increase in the parameter k3 in equation
23 when the cows are fed a grass diet. Whether New
Zealand cows express sufficient variation in this param-
eter to make selection worthwhile cannot be determined
from this experiment. There was no significant differ-
ence between the four groups in total production of
alveoli during pregnancy and lactation.

Capuco et al. (2001) made direct estimates of cell
proliferation and apoptosis, from d 14 of lactation and
concluded that cell proliferation was not a significant
contributor to the increase in milk production from par-
turition until the peak of lactation. They acknowledged,
however, that some mammary growth may have oc-
curred before their measurement period. Indeed, for
the average value of k2 found in the present study, cell
proliferation would decline to 12% of its parturition
value by d 14 of lactation, and to 1% by d 30. Eighty
eight percent of cell proliferation during lactation would
occur in the first 2 wk. Based on the average values for
A0 and k1, the period from d 14 onwards would contrib-
ute only 4% of the total cell proliferation occurring dur-
ing development and lactation. Thus the authors draw
the different conclusion that cell proliferation can play
a significant part in increasing production before the
peak.

Capuco et al. (2001) suggested that by the end of
lactation more than half the cells in the udder would
have been renewed. They obtained values of 0.56% per
day for the rate of apoptosis and 0.3% per day for the
rate of proliferation, during the entire period of post
peak lactation. These estimates were based on indices of
proliferation and apoptosis, and are the best estimates
currently available for the bovine. A constant level of
cell proliferation postpeak is not consistent with the
model’s expression for the rate of proliferation, rpa,
which dies away exponentially to zero (equation 6). The
model could be refined to include an underlying rate of
cell turnover by ensuring that rpa declines to a nonzero
level. This would have the net result of increasing the
estimate of rqs, the rate of apoptosis, in order to main-
tain the same alveolar population. However, such turn-
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over could be associated with individual cell renewal
within active alveoli rather than generation of new se-
cretory alveoli, so inclusion of such a refinement was de-
ferred.

The assumption made, in the model development,
that there were no quiescent alveoli at parturition,
served to reduce, by one, the number of parameters in
the model that would need to be fitted. Whereas this
assumption seems plausible from a biological point of
view, even if it were incorrect, it would have little im-
pact on the results: the proportion of quiescent alveoli
was never more than 6 to 8% of the total alveoli, and
the model reaches an equilibrium between the ratio of
quiescent to active alveoli soon after parturition, and
the time taken to do this is small compared with the
length of a lactation. This paper illustrates the potential
of a nonlinear mechanistic model, incorporating know-
ledge about the relationships between the physiological
components, to contribute to understanding of milk pro-
duction. This paper has demonstrated the ability of
these models to derive information about the effect of
management and breeding strategies on milk produc-
tion. In particular, the model is able to identify potential
new criteria for selection of superior cattle.
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