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ABSTRACT

Genetic selection for improved feed efficiency in 
dairy cattle has received renewed attention over the 
last decade to address the needs of a growing global 
population. As milk yield is a critical component of feed 
efficiency metrics in dairy animals, our objective was 
to evaluate the associations between feed efficiency in 
primiparous Holstein cattle and parameters of a math-
ematical model describing individual lactation curves. 
The Dijkstra lactation curve model was fit to individual 
lactation records from 34 Holstein heifers with previ-
ously estimated measures of feed efficiency. We found 
that the optimal fit of the Dijkstra model was achieved 
using daily milk yield records up to 21 d in milk to 
capture the rise to peak milk yield and using monthly 
dairy herd improvement records for the remainder of 
lactation to accurately characterize lactation persis-
tency. In the period of lactation before peak milk yield, 
improved feed efficiency was associated with a faster 
increase in daily milk yield over a shorter period of 
time at the expense of increased mobilization of body 
reserves; this serves to reinforce the concept that dairy 
cattle are primarily capital breeders versus income 
breeders. Feed efficiency in the period following peak 
lactation, as measured by gross feed efficiency, return 
over feed costs, and net energy efficiency of lactation, 
was positively associated with higher peak milk yield. 
The findings in early lactation suggest that estimates of 
feed efficiency could be improved by evaluating feed ef-
ficiency relative to conception, rather than parturition 
and lactation, to better account for the energy stored 
and released from body reserves in capital breeding.
Key words: capital breeding, mathematical model, 
persistency

INTRODUCTION

The continued growth of the global population neces-
sitates the production of more food with finite natural 
resources. Ruminants, such as dairy cattle, are well po-
sitioned to fill this nutrient deficit through the ability 
to utilize cellulose as an energy source, allowing them 
to convert plant material into high-quality protein 
sources suited for inclusion in the human food chain, 
such as milk (Morgavi et al., 2010). These factors have 
stimulated a renewed interest in feed efficiency research 
in dairy cattle, with an emphasis on the potential for 
using selective breeding and advances in genetics to 
improve this trait (as reviewed by VandeHaar et al., 
2016; Miglior et al., 2017; Brito et al., 2020).

A critical aspect of determining feed efficiency is the 
measurement of individual feed intake. Although this 
is a relatively straightforward process, it becomes more 
challenging as the number of animals increases; this 
results in rising costs due to either increased labor or 
investment in equipment to automate the process (Sey-
mour et al., 2019). Due to the high cost, most methods 
of measuring individual intakes are not economically 
feasible in production settings. However, the majority 
of farms have milk record data on individual cows, 
whether they are daily records automatically recorded 
by milking systems or data collected at regular inter-
vals by dairy herd improvement organizations. As milk 
yield forms a critical component of all metrics of feed 
efficiency in lactating dairy cattle, there is potential 
that feed efficiency may be closely related to aspects of 
the lactation curve, such as persistency (Capuco et al., 
2003; Capuco and Ellis, 2013).

Various mathematical models can be used to de-
scribe lactation curves, such as those by Wood (1967), 
Wilmink (1987), Grossman and Koops (1988, 2003), 
Grossman et al. (1999), Pollott (2000), and Rook et 
al. (2009); however, the model proposed by Dijkstra et 
al. (1997) has biologically relevant parameters and has 
recently been shown to provide better fit than other 
models (Dematawewa et al., 2007; Pot, 2020). Using 
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these models, it is theoretically possible to use milk 
yield data collected at regular intervals, such as month-
ly records collected as part of dairy herd improvement 
programs, and interpolate missing values based on 
the estimated lactation curve function. Considering 
this, the objectives of this study were to evaluate the 
relationship between daily estimates of feed efficiency 
and the parameters describing the lactation curves of 
primiparous Holstein cattle.

MATERIALS AND METHODS

Data Collection and Feed Efficiency

All animal procedures were approved by the Animal 
Care Committee at the University of Guelph (Animal 
Utilization Protocol No. 3503). Methods pertaining 
to data collection and estimation of feed efficiency 
were previously described in detail by Seymour et al. 
(2020). In brief, daily records for feed intake, milk and 
component yields, BW, and BCS were collected on 40 
individual primiparous Holstein heifers housed at the 
Ontario Dairy Research Centre (Centre Wellington, 
ON, Canada) over the first 150 DIM. These data were 
then used to estimate several measures of feed effi-
ciency on a daily basis: gross feed efficiency (GFE, kg 
of fat- and protein-corrected milk/kg of DMI), return 
over feed costs (ROFC, $/d; the price of milk and com-
ponent yields minus feed costs), residual feed intake (kg 
of DM/d; Koch et al., 1963), residual net energy intake 
(REI, Mcal of NEL/d; Fischer et al., 2018), and the net 
energy efficiencies (%/d) of lactation (NEEL), mainte-
nance, and reserve energy (RE) flux (NEEF; Seymour 
et al., 2020). Mean net energy balance (NEBal; Mcal 
of NEL/d) was evaluated as the average across days, 
and the cumulative value was calculated as the sum 
across days within each animal. The cumulative values 
for gain in body RE (REGain), loss in body RE (RE-
Loss), and flux of body RE were calculated as the sum 
of each value across days (Mcal of NEL/d) within each 
animal; REGain was estimated as the NEL flux from 
the pool of available net energy to the pool of body 
RE, and RELoss was estimated as the NEL flux in the 
opposite direction. Details on the calculation of these 
fluxes and the RE pool were previously described in 
Seymour et al. (2020).

The model used to predict REI was revised from that 
originally described in Seymour et al. (2020) in an at-
tempt to more accurately characterize changes in net 
energy sinks related to changes in BW, BCS, or both. 
The updated REI predictions were generated using the 
MIXED procedure of SAS version 9.4 (SAS Institute 
Inc.) according to the model

 NEIij = µ + DIMj + b1NELacti + b2NEMainti   

+ b3REi + b4REGaini + b5RELossi + REIij,

where NEIij is the observed NEL intake for animal i on 
the jth DIM (0 to 150), µ is the overall mean, DIMj is 
the fixed effect of the jth DIM, b1 is the regression coef-
ficient of NEL intake on milk NEL output (NELact) 
measured on the jth DIM, b2 is the regression coefficient 
of NEL intake on the estimated maintenance energy 
expenditures (NEMaint; 0.08 × BW0.75) on the jth 
DIM, b3 is the regression coefficient of NEL intake on 
the estimated body RE on the jth DIM, b4 is the regres-
sion coefficient of NEL intake on REGain on the jth 
DIM, b5 is the regression coefficient of NEL intake on 
RELoss on the jth DIM, and REIij is the residual error 
term assumed to be independently and approximately 
normally distributed about a mean of zero with a vari-
ance of σe

2.  All terms were in units of megacalories of 
NEL per day.

Lactation Curve Modeling

Individual lactation curves were modeled using the 
equation of Dijkstra et al. (1997):
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where M is the daily milk yield (kg/d) on day in milk 
t, M0 is the theoretical milk yield (kg/d) at the onset 
of lactation (t = 0), µT is the specific rate of secretory 
cell proliferation (d−1) at parturition (t = 0), k2 is the 
specific rate of decay of cell proliferation (d−1), and λ is 
the specific rate of secretory cell apoptosis (d−1).

Preliminary analyses were conducted to evaluate pa-
rameter estimation using either daily milk yield records 
spanning the first 150 DIM or monthly records span-
ning the entire lactation collected as part of the dairy 
herd improvement program. The model was initially fit 
to individual lactation curves within each data set, and 
the average model parameters from each data set were 
compared with the average daily milk yield over the 
first 150 DIM. When using average model parameters fit 
to exclusively daily records, the overall behavior (e.g., 
shape) of the resulting lactation curves was not repre-
sentative of the observed daily milk yields, particularly 
the slope after peak milk yield (Figure 1, dotted line), 
suggesting bias in the estimation of λ. When using av-
erage model parameters fit to only monthly milk yield 
records spanning the full lactation, the resulting curves 
were more similar to daily records. However, a vertical 
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shift was observed that resulted in the overestimation of 
all daily milk yields (Figure 1, solid line). This vertical 
shift was most likely due to the overestimation of M0, as 
illustrated by the dashed line in Figure 1. Although the 
average of parameters from multiple lactation curves 
likely does not translate well to describing the average 
of the data used to generate the individual parameter 
estimates, these results suggested that records in early 
lactation were necessary for the accurate estimation of 
M0, whereas records spanning the full lactation were 
necessary for the accurate estimation of λ. To address 
this, a combination of daily and monthly records was 
used to model the individual lactation curves for each 
animal.

All parameters were estimated using the NLIN pro-
cedure of SAS using the Marquardt estimation method 
with a maximum of 3,000 iterations and 300 subitera-
tions. Milk yield observed on the first day of lactation 
was used as the initial value for M0; in instances where 
no record was available for that day, the average initial 
milk yield was used. A range of initial values was used 
for the remaining parameters as follows: 0.01 to 0.10 by 
0.01 for both µT and k2, and 0.001 to 0.010 by 0.001 for 
λ (Pot, 2020). These parameters were also constrained 
to be greater than zero.

To identify the optimal number of daily records to 
supplement, initial lactation curves were fit for all ani-
mals with available milk records that had completed 
their first lactation (n = 138). Starting with monthly 
milk yield records spanning the entire lactation col-
lected as part of the dairy herd improvement program, 
daily records from on-farm milking equipment were 
iteratively added to the data set until all daily milk 
records from the first 150 DIM were included. As part 
of the dairy herd improvement program, milk yield 
and samples for determination of milk composition 
were collected in 24-h windows, though these windows 
did not always fall within the same calendar day (i.e., 
samples collected at an evening milking and the follow-
ing morning milking); as such, yields on a given date 
were subject to differ from those recorded by the on-
farm equipment. In instances where daily and monthly 
milk records differed, the average of the 2 was used. 
Within each iteration, lactation curve parameters were 
first estimated using the combined daily and monthly 
records. These parameters were then used to fit the 
model to the full set of exclusively daily milk records 
by specifying the MAXITER = 0 and PDATA options 
of the NLIN procedure.

Model fit was evaluated at each iteration by calculat-
ing the root mean square prediction error (RMSPE) 
using projected residuals (Cook and Tsai, 1985) and a 
bootstrap case resampling method adapted from Cas-
sell (2007). In brief, projected residuals from the model 

were randomly selected using the unrestricted random 
sampling method of the SURVEYSELECT procedure 
of SAS and paired to the daily milk yields predicted by 
the same model. The predicted and projected residual 
milk yields were summed to generate pseudodata for 
each animal. The model was then refit to the pseudo-
data, and the resulting projected residuals were used to 
calculate the RMSPE. This was repeated a total of 100 
times for each additional daily record supplemented 
to the monthly records, allowing for the calculation of 
average RMSPE for each daily milk yield record added 
to the data set. After identifying the optimal number 
of daily records to include, we considered only lactation 
curves from animals with accompanying feed efficiency 
data (n = 40).

To evaluate the persistency of lactation on each day, 
the first derivative of the Dijkstra lactation curve func-
tion was derived using Maple version 1362973 (Water-
loo Maple Inc.):
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where M′ is the rate of change in daily milk yield (i.e., 
persistency, kg/d2) on day in milk t. Model parameters 
were used to estimate peak milk yield (MP, kg/d),
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Figure 1. Preliminary analyses of parameterizations of lactation 
curves in primiparous Holstein cattle (n = 138). Circles: average ob-
served daily milk yield; solid line: lactation curve fit using average 
parameter estimates of models parameterized to monthly records 
spanning full lactation; dotted line: lactation curve fit using average 
parameter estimates of models parameterized to daily records up to 
150 DIM; dashed line: lactation curve fit using average parameter 
estimates of models parameterized to monthly records spanning full 
lactation, with a manually adjusted value of the theoretical milk yield 
(kg/d) at the onset of lactation (M0).
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as described by Dijkstra et al. (1997). The magnitude 
of change from initial to peak milk yield was calculated 
as the difference between MP and M0. The estimated 
value for tP was used to generate 2 periods for each ani-
mal; data where DIM was less than or equal to tP were 
considered prepeak lactation, whereas data for DIM 
greater than tP were considered postpeak lactation.

Model Evaluation and Statistical Analyses

The goodness of fit of the lactation curve model was 
evaluated using the mean bias, RMSPE, and concor-
dance correlation coefficient (CCC) statistics as de-
scribed by Tedeschi (2006). In brief, mean bias is the 
average of model residuals and provides an estimate of 
average over- or underprediction, and RMSPE is the 
average of the squared residuals and is an indicator of 
predictive model accuracy. The CCC statistic provides 
a simultaneous evaluation of both the accuracy and the 
precision of model predictions. Model fit is considered 
to be improved when the mean bias and RMSPE sta-
tistics are minimized and the CCC statistic approaches 
unity. Model fits were evaluated for the data set as a 
whole as well as split into pre- and postpeak lactation 
periods based on the estimated tP parameter for each 
animal.

Pearson correlation coefficients between lactation 
curve parameter estimates and estimates of feed effi-
ciency, stratified by period of lactation, were estimated 
using the CORR procedure of SAS (SAS Institute 
Inc.). Hypothesis tests were considered statistically 
significant where P < 0.05 and tendencies where 0.05 
≤ P < 0.15.

RESULTS AND DISCUSSION

Residual Energy Intake and Body Reserves

The updated regression equation (with associated SE 
in parentheses) for the prediction of REI was found to 
be

 NEIij = 12.1(1.42) + DIMj + 0.284(0.0143) × NELacti  

+ 1.84(0.225) × NEMainti − 0.00335(0.000780)  

× REi + 0.121(0.0290) × REGaini – 0.243(0.0179)  

× RELossi + REIij,

where terms are as described previously. When compar-
ing the updated regression equation with that initially 
published by Seymour et al. (2020), similar estimates 
were achieved for the intercept (13.9 vs. 12.1) and 
NELact (0.34 vs. 0.28). The NEMaint term can also be 
expressed relative to metabolic BW (MBW; BW0.75), 
yielding an estimate of average daily maintenance 
requirements of 0.147 Mcal of NEL/d per kilogram of 
MBW. This estimate is almost double the value of 0.08 
currently used by NRC (2001) and likely reflects the 
effect of the substantial hypertrophic and hyperplastic 
growth occurring during early lactation (Baumgard et 
al., 2017; Seymour et al., 2020) in addition to the ef-
fects of genetic selection on increased body and organ 
size (Moraes et al., 2015).

As defined by NRC (2001), body reserves used to 
estimate body RE are composed of both adipose and 
protein. Bell (1995) estimated that approximately 25% 
of total body protein could be considered a labile re-
serve pool; however, only a small portion of this would 
be used to support hepatic gluconeogenesis in the first 2 
wk of lactation, with the majority of liberated AA used 
to support milk protein synthesis. As such, adipose tis-
sue can be considered the main component of body re-
serves affecting voluntary feed intake. As adipose tissue 
accumulates in the body, production of leptin increases, 
which serves to decrease voluntary feed intake (Forbes, 
2000; Ingvartsen and Andersen, 2000); this is reflected 
in the negative partial regression coefficient of body 
RE. When energy is liberated from adipose tissue in 
the form of nonesterified fatty acids, these are trans-
ported to the liver where they are oxidized, also act-
ing to reduce voluntary feed intake (Allen et al., 2009; 
Drackley, 2016); this phenomenon is captured in the 
partial regression coefficient of RELoss. The positive 
partial regression coefficient of REGain can be attrib-
uted to the generalized growth of the animals over the 
experimental period, as previously observed (Seymour 
et al., 2020). As anabolic processes remove substrates 
from circulation, voluntary feed intake is stimulated 
through various signaling mechanisms (Forbes, 2007).

It is important to note that the coefficients of RE-
Gain and RELoss should not be misinterpreted as the 
combined partial efficiencies of tissue accretion or loss. 
Both protein and lipid turnover represent the net sum 
of respective synthetic and degradative pathways that 
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are occurring simultaneously (Baldwin et al., 1980). 
Currently, it is thought that the overall rate of turn-
over of these tissues is controlled predominantly by 
alterations to the rates of synthesis, whereas the rates 
of degradation remain relatively constant (McNamara, 
1989; Boisclair et al., 1993). Considering this, REGain 
can be considered the state where the synthetic rates 
of protein or lipid synthesis overtake degradation, and 
RELoss can be considered the state where synthesis 
proceeds slower than degradation. It is likely that the 
synthesis and degradation of both lipid and protein 
have individual partial efficiencies that would contrib-
ute to more accurate estimates of energy dynamics 
(Veerkamp et al., 1995). Currently, NRC (2001) uses 
partial efficiencies per kilogram of body reserves gained 
or lost, assuming relative proportions of fat and protein 
based on BCS.

Interpretation of the Dijkstra Lactation Curve Model

The Dijkstra model assumes a constant rate of milk 
synthesis per secretory cell; that is,

 M = YN, 

where milk yield (M) is the product of the average 
milk yield per secretory cell (Y) and the secretory cell 
population (N; Dijkstra et al., 1997). Considering this, 
the parameter M0 is composed of the estimates of both 
the average milk yield per secretory cell and the initial 
secretory cell population N0, serving as both the inter-
cept for the curve modeling the secretory cell popula-
tion over time and the scale parameter that adjusts 
the model output from cell number to milk production. 
The assumption regarding secretory activity is likely 
violated during the period before peak lactation (Ca-
puco and Ellis, 2013; Capuco and Choudhary, 2020), 
and the inability to account for dynamic secretory ac-
tivity per cell during this period results in potentially 
nonphysiological estimates for the other parameters in 
the model (Dijkstra et al., 1997).

Using the equations developed by Dijkstra et al. 
(1997), the persistency of lactation on a given day can 
be described relative to the cell population as

 ′ = = = −( ) = −( )M M
t
Y N
t
Y N N YNd

d
d
d

µ λ µ λ ,  

where µ is the specific rate of secretory cell prolifera-
tion. In the model, µ decays exponentially relative to 
time and the parameter k2,

 µ = µT exp(−k2t), 

whereas the rate of apoptosis (λ) remains constant. 
Thus, as lactation progresses, the specific rate of cell 
proliferation in the model approaches zero. This drives 
the underlying behavior of the lactation curve model; 
while µ > λ, daily milk yield will increase until it reach-
es peak lactation where µ = λ, such that persistency M′ 
= 0. Following peak lactation, the rate at which daily 
milk yield declines increases until µ is effectively 0.

To illustrate this point, lactation persistency can be 
expressed as a percentage of milk yield per day; that is,

 M M
M

YN
YN

% ,= =
−( )

= −
′ µ λ

µ λ  

where M% is the rate of change in milk yield in percent 
per day. As lactation progresses and µ approaches zero, 
the decline in daily milk yield, expressed as a percent-
age of daily milk yield, approaches a rate of −λ% per 
day. This can be confirmed by comparing the predicted 
lactation (M) and persistency (M′) curves of a given 
animal. As such, while the parameter λ estimates the 
specific rate of secretory cell apoptosis, it can also be 
used to estimate the terminal rate of milk yield decline 
(i.e., the theoretical persistency in late lactation).

Given the interpretation of the model parameters, it is 
expected that daily milk yield records as close to partu-
rition as possible are necessary for the accurate estima-
tion of M0, whereas daily records up to approximately 
peak lactation are necessary for the accurate estimation 
of both µT and k2. It was observed that supplementing 
monthly test-day records with daily records up to 21 
DIM yielded the best model fit (Figure 2), with an RM-
SPE of 4.36 kg/d. In contrast, supplementing monthly 
records with daily records up to 48 DIM (approximately 
the average days to peak lactation; Table 1) fit the data 
with an RMSPE of 4.42 kg/d. Finally, data in late lac-
tation are required for the accurate estimation of λ, as 
persistency of lactation approaches the value of −λ as 
lactation progresses. A limitation of this study was the 
availability of daily records spanning the full lactation 
of each animal; as such, we cannot conclusively say that 
daily records are not needed in late lactation. However, 
the slope between the last 2 monthly test-day records 
could provide a relatively accurate estimate of λ, as this 
should provide a close estimate to the terminal rate of 
decline in daily milk yield.

To illustrate the changes in model behavior in differ-
ent scenarios, Figure 3 presents curves parameterized in 
4 different ways based on the average daily and monthly 
milk yield records. When examining the curve param-
eterized to the average daily milk yield data up to 150 
DIM (dotted line), the behavior of the curve up to peak 
lactation appears suitable. However, the estimate for 
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λ is approximately one-third the value of that of the 
other curves, in addition to being lower than previously 
reported values (Val-Arreola et al., 2004; Dematawewa 
et al., 2007; Dijkstra et al., 2010). It is apparent that 
when using only monthly data spanning the full lacta-
tion (dashed line), there is an overestimation of M0 and 
likely an underestimation of both µT and k2, resulting in 
a poor fit to the daily records in the first 2 wk of lacta-
tion. When comparing the curves parameterized with 
the addition of daily records up to 21 DIM (Figure 3, 
solid line) and 48 DIM (dash-dot line) to the monthly 
records, the estimated values for M0 and µT are similar 
to those estimated using only daily records, whereas the 
estimates of λ are more similar to those of the monthly 
curve; the estimates for k2 were intermediate to those of 
the daily and monthly curves. Interestingly, all curves 
yielded similar estimates for MP. However, estimates 
for tP were more variable; this value is expected to be 

more sensitive to changes in k2 relative to µT or λ, as tP 
is inversely proportional to k2.

Visually, it can be seen that the 21 DIM curve over-
predicts milk yield around peak lactation, whereas the 
48 DIM curve underestimates yields after approxi-
mately 75 DIM. Overall, these results suggest that the 
serial addition of daily milk yield records improved 
model fit such that the behavior around peak lactation 
was better characterized at the expense of impaired fit 
later in lactation. In the current data set, the inclu-
sion of daily records up to 21 DIM yielded parameter 
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Figure 2. Root mean square prediction error (RMSPE) of lacta-
tion curve model based on monthly records with the iterative addi-
tion of subsequent daily milk yield records. Solid line: mean RMSPE 
estimated with bootstrapped case resampling; dotted lines: bounds of 
95% CI.

Table 1. Distribution of lactation curve parameter estimates generated from records collected from primiparous 
Holstein heifers (n = 34)

Item1 Mean ± SEM SD CV (%) Minimum Maximum

M0 (kg/d) 17.8 ± 0.89 5.19 29.1 5.86 25.86
µT (d

−1) 0.197 ± 0.0610 0.356 181 0.00946 1.78
k2 (d

−1) 0.192 ± 0.0410 0.229 124 0.0175 1.16
λ (d−1) 0.000941 ± 0.0001069 0.000623 66.2 0.000202 0.00308
tP (d) 47.9 ± 5.58 32.5 68.0 6.66 172
MP (kg/d) 34.7 ± 0.84 4.90 14.1 23.3 44.6
1M0 = theoretical milk yield at the onset of lactation; µT = specific rate of secretory cell proliferation at partu-
rition; k2 = rate of decay of cell proliferation; λ = specific rate of cell apoptosis; tP = days to peak milk yield; 
MP = peak milk yield.

Figure 3. Representative lactation curves parameterized to com-
binations of average daily and monthly milk yield records collected 
from primiparous Holstein cattle (n = 34), with parameter estimates 
superimposed. Dotted line: lactation curve parameterized to exclu-
sively daily records up to 150 DIM (Daily); dashed line: lactation 
curve parameterized to exclusively monthly records spanning full lac-
tation (Monthly); solid line: lactation curve parameterized to monthly 
records spanning full lactation supplemented with daily records up 
to 21 DIM (21 DIM); dash-dot line: lactation curve parameterized 
to monthly records spanning full lactation supplemented with daily 
records up to 48 DIM (48 DIM); circles: average of observed daily 
milk yield. M0 = theoretical milk yield at the onset of lactation; µT = 
specific rate of secretory cell proliferation at parturition; k2 = rate of 
decay of cell proliferation; λ = specific rate of cell apoptosis; tP = days 
to peak milk yield; MP = peak milk yield.
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estimates that provided the best average fit to the data. 
As discussed subsequently, the variation in daily milk 
yield due to the inclusion of data from an automated 
milking system (AMS) likely influenced estimates of 
model fit. Evaluating this methodology with a data set 
containing daily milk yield records spanning the full 
lactation is warranted to better determine an optimal 
mix of monthly and daily milk yield records.

Lactation Curve Modeling

As all feed efficiency measures presented herein are 
based on the energy content of milk and not solely 
milk yield, we first attempted to model daily fat- and 
protein-corrected milk (FPCM) yields such that the 
aspects of the lactation curves were more closely related 
to the associated estimates of feed efficiency. However, 
the changes in milk component concentrations over the 
course of lactation (i.e., elevated at parturition and de-
clining thereafter) served to offset the lower milk yields 
in early lactation, resulting in relatively constant daily 
FPCM yields over the 150-d period of feed efficiency 
measurements. Due to the relatively small slope of the 
FPCM curve after peak milk yield, the NLIN procedure 
of SAS (SAS Institute Inc.) was consistently unable to 
generate estimates for the parameter λ that satisfied 
the greater-than-zero constraint. This likely reflects the 
inability of the model to account for the dynamic secre-
tory activity per cell in early lactation, as previously 
discussed. Considering this, it must be acknowledged 
that the model parameters do not fully account for 
changes in the energy content of milk over the course 
of lactation.

An overview of the lactation curve parameter esti-
mates is provided in Table 1. The model was unable 
to fit the data of 1 animal. Additionally, the value of 
λ for 5 animals was estimated to be several orders of 
magnitude smaller than the remainder of the estimates 
as well as those previously reported in the literature 
(Val-Arreola et al., 2004; Dematawewa et al., 2007; Di-
jkstra et al., 2010); these likely resulted as an attempt 
to satisfy the greater-than-zero constraints imposed on 
the model and were treated as erroneous. This resulted 
in a final subset of 34 animals with feed efficiency data 
and lactation curve parameters. The estimates for M0, 
µT, and k2 were intermediate to those previously esti-
mated for primiparous cattle (Val-Arreola et al., 2004; 
Dematawewa et al., 2007; Dijkstra et al., 2010). The 
average estimate for λ was lower than those reported by 
Val-Arreola et al. (2004) and Dijkstra et al. (2010) but 
was similar to the estimates for 305-d lactations in pri-
miparous cattle reported by Dematawewa et al. (2007) 
based on data from 235,241 individual lactations.

When examining the model parameter estimates, a 
significant amount of variation can be seen. This may 
be partially attributed to the characteristics of lactation 
curves in primiparous cattle. Lactation curves of mul-
tiparous dairy cattle typically display very pronounced 
peaks at approximately 45 to 60 DIM, whereas those 
of primiparous animals often do not have a discern-
able peak and instead appear to reach a plateau before 
slowly declining (e.g., Figure 1). This is reflected in 
the range of estimates for days to peak milk yield (tP; 
Table 1), with a minimum time to peak of just under 
7 d, whereas the maximum was estimated to be 172 d.

An additional factor of the data set contributing to 
challenges in model parameterization was the use of 
daily milk yield records from an AMS. Relative to ani-
mals milked in a conventional 2× daily setting, there 
is inherently more variation in milking interval both 
between and within animals in an AMS setting. This 
introduces challenges in quantifying comparable 24-h 
milk yields. As an example, an animal could enter the 
AMS at 0001 h on d 1. Using our current methodology, 
the yield in that milking would contribute only to the 
24-h yield on d 1. However, it follows that the majority 
of the synthesis of the milk from that time point could 
be attributed to d 0. Incidences such as this are evident 
in the data, where animals had days with low 24-h milk 
yields followed by days with much higher 24-h yields. 
Currently, there is no quorum on the estimation of 24-h 
yields in AMS settings. In the study of Masía et al. 
(2020), who also used AMS data to model lactation 
curves, 24-h yields were calculated based on calendar 
day, which was the method used in the present study. 
The guidelines provided by the International Commit-
tee for Animal Recording (ICAR, 2017) recommend 
using a moving average, though the methodologies 
described are more applicable to the estimation of test-
day yields rather than serial daily milk yields. Of the 
6 lactation curves that were removed from subsequent 
analyses, 3 did not contain any data from the AMS, 
whereas the remaining 3 contained AMS data for 14, 
30, and 87 d out of the 150 available. Of the 34 lacta-
tion curves retained for analysis, 19 did not contain any 
AMS data, whereas the remainder contained 6 to 124 
d of data from the AMS. This suggests that although 
the use of AMS data may contribute to the day-to-day 
variation of milk yield within an animal, it did not af-
fect the ability to generate parameter estimates. How-
ever, the variation in daily milk yield likely affected 
the overall evaluation of model fit (e.g., RMSPE). The 
development of a more robust method for the calcula-
tion of 24-h corrected milk yields in AMS settings is 
warranted, which would help ensure that lactation data 
are more comparable with those recorded in settings 
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with regular milking intervals and support a more reli-
able evaluation of model fit.

Model fit statistics are presented in Table 2. For the 
entire 150 DIM period, the model showed effectively no 
mean bias, with an RMSPE of 4.31 kg/d and a CCC 
of 0.609. When split into pre- and postpeak segments, 
the model fit was much better in the period before 
peak lactation relative to the period after peak (Table 
2), with a shift from underprediction of 0.0552 kg/d 
in the prepeak phase to overprediction of 0.0257 kg/d 
postpeak. This relationship is similar to that previously 
discussed when evaluating models fit to the average 
daily milk yield, where better characterization of the 
lactation curve around peak lactation was achieved at 
the expense of poorer fit later in lactation, resulting in 
a better average fit overall. It is expected that both the 
high degree of variability in estimated days to peak and 
the variation in daily milk yield due to AMS milk yield 
data contributed to model errors.

Prepeak Lactation

An overview of the feed efficiency estimates for the 
34 animals with valid lactation curve parameters is 
provided in Table 3, and correlations between Dijkstra 
model parameters and average feed efficiency during 
the period up to peak lactation are presented in Table 

4. Without supporting biological data on mammary 
secretory cell dynamics, it is difficult to draw mean-
ingful conclusions regarding the correlations related to 
the parameters µT and k2. Considering this, emphasis is 
instead put on the parameters that are estimated using 
these values, namely tP and MP.

The GFE was negatively correlated with tP (r = 
−0.578, P = 0.001) but positively correlated with M′ 
(r = 0.798, P < 0.001). A similar relationship can be 
seen with NEEF, whereas mean NEBal was positively 
associated with tP and negatively associated with M′ 
(Table 4). Additionally, cumulative NEBal was nega-
tively associated with milk yield at parturition (M0; 
r = −0.568, P = 0.001) and peak milk yield (MP; r 
= −0.582, P = 0.001). The ROFC was also positively 
associated with MP (r = 0.667, P < 0.001). Together, 
these results suggest that animals that have higher 
milk yields at parturition and peak milk yield, and that 
reach peak milk yield earlier and more quickly, may 
have improved feed efficiency as measured by GFE 
and ROFC at the expense of increased mobilization 
of body reserves. Given that these measures of feed 
efficiency are rudimentary and are both increased in 
situations of increased milk yield, decreased feed intake, 
or both, these associations are not surprising. Consider-
ing that GFE and ROFC are likely the easiest of the 
feed efficiency metrics discussed herein to implement in 
practice, their relationship with increased mobilization 
of body reserves highlights the need for proper manage-
ment during the transition period to promote animal 
health (Drackley, 2001; Cardoso et al., 2013).

Interestingly, NEEF was negatively associated with 
M0 (r = −0.566, P = 0.001), which suggested that 
animals with a lower milk yield at parturition had a 
greater proportion of available NEL derived from body 
reserves. Given the weak relationship between M0 and 
RELoss (r = 0.453, P = 0.007), it is unlikely that this 
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Table 2. Model fit statistics for Dijkstra lactation model in primiparous 
Holstein heifers (n = 34)1

Phase MB (kg/d) RMSPE (kg/d) CCC

Prepeak −0.0552 4.09 0.765
Postpeak 0.0257 4.41 0.480
Total −5.23E-6 4.31 0.609
1MB = mean bias; RMSPE = root mean square prediction error; CCC 
= concordance correlation coefficient.

Table 3. Distribution of feed efficiency measures over the first 150 DIM in primiparous Holstein heifers (n = 34)

Efficiency measure1 Mean ± SEM SD CV (%) Minimum Maximum

GFE (kg of FPCM/kg of DMI) 1.77 ± 0.006 0.429 24.3 0.711 6.78
ROFC ($/d) 18.6 ± 0.05 3.51 18.9 4.68 30.7
RFI (kg of DM/d) −0.186 ± 0.0304 2.17 1,170 −14.7 6.56
REI (Mcal of NEL/d) −0.300 ± 0.0480 3.43 1,140 −24.7 11.1
NEEL (%/d) 76.7 ± 0.20 14.5 19.0 29.2 247
NEEM (%/d) 32.6 ± 0.07 5.02 15.4 18.9 118
NEEF (%/d) 9.64 ± 0.148 10.5 109 0.000308 95.3
REGain (Mcal of NEL/d) 1.05 ± 0.025 1.79 170 0.00 21.7
RELoss (Mcal of NEL/d) 2.54 ± 0.062 4.45 175 0.00 26.1
REFlux (Mcal of NEL/d) 1.18 ± 0.062 4.42 376 −18.6 21.4
NEBal (Mcal of NEL/d) −3.57 ± 0.070 5.05 141 −26.8 12.8
1GFE = gross feed efficiency; FPCM = fat- and protein-corrected milk; ROFC = return over feed costs; RFI = residual feed intake; REI = 
residual net energy intake; NEEL = net energy efficiency of lactation; NEEM = net energy efficiency of maintenance; NEEF = net energy ef-
ficiency of reserve energy flux; REGain = gain in body reserve energy; RELoss = loss in body reserve energy; REFlux = flux of body reserve 
energy; NEBal = net energy balance.
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is the case. The association between NEEF and M0 
potentially reflects smaller animals with lower initial 
milk yields consuming less feed, resulting in a greater 
proportion of energy being derived from body reserves. 
Other metrics of feed efficiency were found to be poorly 
correlated with aspects of the lactation curve in the 
period before peak lactation (Table 4).

Postpeak Lactation

In the postpeak phase of lactation, most measures of 
feed efficiency displayed weak relationships to parame-
ters describing the lactation curve (Table 5). The GFE, 
ROFC, and NEEL were positively associated with peak 
milk yield (MP; r ≥ 0.538, P ≤ 0.012). This is to be 
expected because animals with a higher peak milk yield 
generally produce more milk for the remainder of lacta-
tion, offsetting the negative components of feed intake 
in the case of GFE and ROFC while requiring a greater 
proportion of available NEL to support lactation in the 
case of NEEL. It is important to note that the data 
set contained information pertaining to feed efficiency 
only up to 150 DIM. Considering this, in conjunction 
with the variation in estimates of tP, animals had a 
varying number of observations in the postpeak phase 
of lactation; indeed, 1 animal was estimated to reach 
peak lactation at 172 DIM, resulting in no postpeak 
feed efficiency data. The postpeak phase of lactation 
for all other animals ranged from 53 to 143 d in length. 
Future work using a data set comprising feed efficiency 
data spanning the full lactation would help to better 
characterize associations between the lactation curve 
and feed efficiency after peak lactation.

Feed Efficiency and Persistency of Lactation

Capuco et al. (2003) postulated that lactation effi-
ciency could be increased by improving persistency af-
ter reaching peak milk yield. In the current study, weak 
associations were observed between the terminal per-
sistency (λ) and both cumulative NEBal (r = −0.430, 
P = 0.011) and REGain (r = 0.331, P = 0.056) while 
displaying no apparent associations with any other pa-
rameter before or after peak lactation (Tables 4 and 5). 
The lack of records for the remainder of lactation after 
peak influenced our ability to detect significant asso-
ciations, and as such these results should be deemed 
inconclusive. Feed efficiency data from late in lactation, 
particularly as daily persistency approaches the value 
of −λ, would aid in confirming any potential associa-
tions between aspects of feed efficiency and persistency 
of lactation.

Capital Versus Income Breeders

The interplay between improved feed efficiency at 
the expense of increased body reserve mobilization 
highlights the concept of dairy cattle being capital ver-
sus income breeders (Stephens et al., 2009), whereby 
energy demands can be more or less met by energy 
stored in body reserves (i.e., capital) versus energy 
obtained directly from the diet (i.e., income). This also 
has implications for how feed efficiency is evaluated, as 
the energy capital that is used to supplement energy 
income in early lactation was gained before the onset of 
lactation, during either the growing phase for heifers or 
the previous lactation for multiparous animals. Consid-
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Table 4. Correlations between parameter estimates of the Dijkstra lactation curve model and estimates of feed efficiency before peak lactation 
in primiparous Holstein heifers (n = 34)1

Efficiency measure2 M0 µT k2 λ tP MP M′ ΔM

GFE (kg of FPCM/kg of DMI) −0.378* 0.785* 0.785* −0.024 −0.578* −0.016 0.798* 0.363*
ROFC ($/d) 0.371* 0.094 0.096 0.162 −0.399* 0.667* 0.186 0.246
RFI (kg of DM/d) 0.229 −0.386* −0.367* −0.150 0.120 0.159 −0.369* −0.075
REI (Mcal of NEL/d) 0.190 −0.354* −0.340* −0.137 0.114 0.164 −0.336† −0.033
NEEL (%/d) 0.381* −0.084 −0.086 0.287† −0.126 0.440* −0.046 0.032
NEEM (%/d) −0.210 0.254† 0.238 0.074 0.036 −0.314† 0.178 −0.082
NEEF (%/d) −0.566* 0.793* 0.823* −0.099 −0.648* −0.150 0.836* 0.403*
REGain (Mcal of NEL/d) 0.101 −0.269† −0.365* 0.331† 0.828* −0.157 −0.353* −0.237
RELoss (Mcal of NEL/d) 0.453* −0.361* −0.403* 0.124 0.166 0.420* −0.360* −0.054
REFlux (Mcal of NEL/d) 0.388* −0.250 −0.258† 0.010 −0.107 0.439* −0.222 0.025
Mean NEBal (Mcal of NEL/d) 0.233 −0.630* −0.661* −0.044 0.666* −0.151 −0.699* −0.356*
Cumulative NEBal (Mcal of NEL/d) −0.568* 0.283† 0.314† −0.430* 0.076 −0.582* 0.272† 0.018
1M0 = theoretical milk yield at the onset of lactation; µT = specific rate of secretory cell proliferation at parturition; k2 = rate of decay of cell 
proliferation; λ = specific rate of cell apoptosis; tP = days to peak milk yield; MP = peak milk yield; M′ = rate of change in daily milk yield; 
ΔM = magnitude of change from initial to peak milk yield.
2GFE = gross feed efficiency; FPCM = fat- and protein-corrected milk; ROFC = return over feed costs; RFI = residual feed intake; REI = 
residual net energy intake; NEEL = net energy efficiency of lactation; NEEM = net energy efficiency of maintenance; NEEF = net energy ef-
ficiency of reserve energy flux; REGain = gain in body reserve energy; RELoss = loss in body reserve energy; REFlux = flux of body reserve 
energy; NEBal = net energy balance. 
*P < 0.05; †0.05 ≤ P < 0.15.
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ering this, evaluating feed efficiency from parturition to 
the end of lactation inherently implies that dairy cattle 
are income breeders as it does not capture the period of 
time during which the animal accretes body reserves, 
leading to the inflation of traditional feed efficiency 
estimates in early lactation. Assuming that dairy cattle 
are in fact capital breeders, it may be more appropriate 
to begin evaluating feed efficiency from the point at 
which the animal shifts from the mobilization of body 
reserves to support the current offspring and begins ac-
cumulating body reserves to support the next (Martin 
and Sauvant, 2010a,b); this appears to occur at approx-
imately 100 to 150 DIM (Phuong et al., 2016; Seymour 
et al., 2020). As this would coincide with pregnancy 
testing typical to North American production systems 
(Stangaferro et al., 2018), a more practical timeframe 
for the evaluation of feed efficiency in dairy cattle could 
be from confirmation of pregnancy to the end of the 
lactation resulting from the associated conceptus.

CONCLUSIONS

Residual NEL intake predictions were updated to in-
corporate estimates of body RE, with partial regression 
coefficients in agreement with the underlying biological 
processes. When characterizing the lactation curves of 
primiparous cattle using a mathematical model, model 
fit over the first 150 DIM was improved by supply-
ing a combination of daily records up to 21 DIM and 
monthly milk reporting records spanning the remainder 
of lactation. However, variation in daily milk yield due 
to the inclusion of data from an AMS likely influenced 

estimates of model fit. In the period of lactation up to 
peak milk yield, improved feed efficiency was generally 
associated with greater increases in daily milk yield 
over shorter periods of time at the expense of increased 
mobilization of body reserves to support milk produc-
tion. From peak lactation to 150 DIM, GFE, ROFC, 
and NEEL were positively associated with peak milk 
yield. No associations were observed between improved 
persistency of lactation and measures of feed efficiency 
over the first 150 DIM. Finally, the time frame over 
which feed efficiency is evaluated could be improved to 
account for cattle being capital versus income breed-
ers to yield better estimates of true feed efficiency in 
lactating dairy cattle.
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Table 5. Correlations between parameter estimates of the Dijkstra lactation curve model and estimates of feed efficiency after peak lactation 
in primiparous Holstein heifers (n = 33)1

Efficiency measure2 M0 µT k2 λ tP MP M′ ΔM

GFE (kg of FPCM/kg of DMI) 0.060 −0.018 −0.044 0.088 −0.064 0.538* −0.321† 0.397*
ROFC ($/d) 0.141 −0.163 −0.200 0.006 0.104 0.587* −0.194 0.360*
RFI (kg of DM/d) −0.035 −0.042 −0.030 −0.165 0.143 −0.244 0.298† −0.172
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Mean NEBal (Mcal of NEL/d) −0.042 −0.034 −0.011 −0.121 0.134 −0.482* 0.337† −0.366*
Cumulative NEBal (Mcal of NEL/d) −0.005 −0.115 −0.096 −0.060 0.212 −0.436* 0.292† −0.362*
1M0 = theoretical milk yield at the onset of lactation; µT = specific rate of secretory cell proliferation at parturition; k2 = rate of decay of cell 
proliferation; λ = specific rate of cell apoptosis; tP = days to peak milk yield; MP = peak milk yield; M′ = rate of change in daily milk yield; 
ΔM = magnitude of change from initial to peak milk yield.
2GFE = gross feed efficiency; FPCM = fat- and protein-corrected milk; ROFC = return over feed costs; RFI = residual feed intake; REI = re-
sidual net energy intake; NEEL = net energy efficiency of lactation; NEEM = net energy efficiency of maintenance; NEEF = net energy efficiency 
of reserve energy flux; RELoss = loss in body reserve energy; REFlux = flux of body reserve energy; Mean NEBal = mean net energy balance 
over period; Cumulative NEBal = net energy balance summed over period.
*P < 0.05; †0.05 ≤ P < 0.15.
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