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ABSTRACT

The difference between the theoretical maximum (potential) production and the actual production realized
by farmers is referred to as the yield gap. The objectives of this study are to develop a mechanistic model
for dairy cows that allows yield gap analysis in dairy
production systems and to evaluate model performance.
We extended and adapted an existing model for beef
cattle to dairy cattle, and the new model was named
Livestock simulator for Generic analysis of Animal
Production Systems—Dairy cattle (LiGAPS-Dairy).
Milk production and growth of an individual cow over
its entire lifespan were described as a function of the
animal’s genotype, the ambient climate, feed quality,
and available feed quantity. The model was parameterized for Holstein-Friesian cows. After calibration, we
evaluated model performance by comparing simulated
results and measured results from experimental farms
in the Netherlands, which were not used for model
calibration. Cows were permanently housed in stables,
where the diet consisted of predetermined amounts of
concentrates and ad libitum high-quality roughage.
The mean absolute error (MAE) for simulated milk
production per lactation was 12% of the measured milk
production, whereas the MAE for simulated daily milk
yields was 19%. The MAE for simulated feed intake per
lactation was 10% of the measured feed intake, whereas
the MAE for simulated daily feed intake was 19%. The
average yield gap for dairy cows was 11% of the potential milk production (YP). Yield gap analysis indicated
that for experimental farms in the Netherlands, the
difference between YP and feed quality limited milk

Received June 11, 2020.
Accepted December 21, 2020.
*Corresponding author: aart.vanderlinden@wur.nl

production (YL) of 1,009 kg fat- and protein-corrected
milk was mainly explained by feed intake capacity
(33%), protein deficiency (25%), cow weight at the
start of experiments (23%), and heat stress (19%). The
LiGAPS-Dairy model also indicated the periods during
lactation in which these factors affected milk production. In our opinion, the overall model performance is
acceptable for permanently housed cows under Dutch
conditions. The model needs to be evaluated further
for other production systems, countries and breeds.
Thereafter, LiGAPS-Dairy can be used for yield gap
analysis and exploration of options to increase resource
use efficiency in dairy production.
Key words: cattle, cow, milk, production ecology,
model evaluation
INTRODUCTION

Milk production and feed intake per animal differ
considerably among dairy production systems across
the globe (Gerber et al., 2011; Britt et al., 2018).
Differences in milk production practices are induced
by differences in biophysical, socioeconomic, and cultural factors. Disentangling biophysical factors from
other factors allows assessment of production based on
biological and physical laws only and helps to identify management factors to increase production. These
laws can be used to assess the theoretical scope for
increasing resource use efficiency and production. Such
assessments are facilitated by a framework with a hierarchy in biophysical factors that influence agricultural
production. This framework is known as concepts of
production ecology (van de Ven et al., 2003).
Concepts of production ecology distinguish defining,
limiting, and reducing factors for livestock production.
The genotype of an animal and its ambient climate
are the defining factors for livestock growth and production. Drinking water and feed (both feed quality
and available feed quantity) are limiting factors, and
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diseases, pests, and stress are reducing factors (van
de Ven et al., 2003; van der Linden et al., 2015). The
biophysically maximum production, also referred to as
potential production, applies to theoretical conditions
where only the defining factors define production. Feedlimited production applies to theoretical conditions
where a combination of defining and limiting factors
defines and limits production. The actual production
realized on farms is the result of a combination of defining, limiting, and reducing factors. These factors are
influenced by farmers through various management
practices. The difference between potential and feedlimited production is explained by the limiting factors,
and the difference between feed-limited production and
actual production is explained by the reducing factors.
The biophysical scope to increase production is the difference between the potential or feed-limited production and the actual production, which is the yield gap
(van de Ven et al., 2003). Analysis of the yield gap can
identify which of the biophysical factors contribute to
the yield gap, and to what extent (van Ittersum et al.,
2013). Based on yield gap analyses, tailored improvement options can be specified for mitigation of the most
important factors contributing to yield gaps.
Unlike plant production, mechanistic modeling to
conduct yield gap analyses is not widely used in livestock production systems, although some mechanistic
livestock models are based on concepts similar to the
concepts of production ecology (Emmans, 1988, 1997;
Wellock et al., 2003). To our knowledge, only 2 mechanistic models are based on concepts of production
ecology and use these concepts explicitly for simulating livestock growth and production as a function of
the defining and limiting factors. The LIVSIM model
was developed to simulate dairy cattle in smallholder
systems in the Kenyan highlands (Rufino et al., 2009).
This model does not account, however, for the defining
factor climate and has yet not been used for yield gap
analyses of dairy cows. The model LiGAPS-Beef (Livestock simulator for Generic analysis of Animal Production Systems—Beef cattle) was developed to simulate
beef cattle in different beef production systems across
the world (van der Linden et al., 2019a).
The objective of this study was therefore to develop
and evaluate a mechanistic and generic dairy model
that allows to analyze yield gaps in dairy production
systems. We extended and adapted the model LiGAPSBeef for dairy cattle, and evaluated its performance
for dairy production systems in the Netherlands with
Holstein-Friesian cows. Finally, we quantified and
analyzed yield gaps in milk production to illustrate the
usefulness of the model.
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MATERIALS AND METHODS
Model Development

A generic, mechanistic model for dairy cattle was
developed from the model LiGAPS-Beef (van der
Linden et al., 2019a,b,c). Its source code is written in the programming language R (R Core Team,
2013) and is freely accessible (i.e., open source). The
model LiGAPS-Beef consists of a thermoregulation
submodel, a feed intake and digestion submodel, and
an energy and protein utilization submodel (van der
Linden et al., 2019a). These submodels jointly combine
the effects of the genotype (i.e., cattle breed), climate,
feed quality, and available feed quantity on the daily
growth of an individual animal and calculate potential
and feed-limited beef production for individual animals and for herds. Net energy (NE) and protein for
growth are balancing variables in the model, because
NE and protein requirements for metabolic processes
other than growth, including lactation, have to be met
first (van der Linden et al., 2019a). Milk production
of beef cows in LiGAPS-Beef is only breed-dependent
and independent of climate, feed quality, and available feed quantity. Hence, the model was not suited to
simulate the potential and feed-limited milk production of dairy cows. We thus extended and adapted the
model LiGAPS-Beef to a version for dairy cattle, and
we named it LiGAPS-Dairy (Livestock simulator for
Generic analysis of Animal Production Systems—Dairy
cattle). The extensions and adaptations related to feed
intake and milk production.
Feed Intake

Maximum feed intake capacity was expressed in fill
units and described as a function of metabolic BW
(BW0.75). One fill unit corresponds to 1 kg of DM grass
of standard quality, and fill units of other feeds are calculated relative to this standard (Jarrige et al., 1986).
The relative increase in feed intake capacity during
gestation (relFICG) was assumed to be proportional to
the increase in energy requirements for gestation compared with a similar, nongestating and nonlactating
cow (Johnson et al., 2016). The relFICG was calculated
from the NE requirements for maintenance (NEM),
physical activity (NEPHA), and gestation (NEG) in
LiGAPS-Dairy:
relFICG (t) = [NEM (t) + NEPHA (t)
+ NEG (t)]/[NEM (t) + NEPHA (t)].

[1]
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Maximum feed intake per kg of BW0.75 for dairy cows
increases considerably after calving (Journet and Remond, 1976; Vandehaar and Black, 1991). The relative
increase in maximum feed intake capacity (relFICL)
during lactation was calculated according to Johnson
et al. (2016). Default values were used to calculate
relFICL, except for the curvature parameter α, which
was established via model calibration. The maximum
of either relFICG or relFICL was used to calculate feed
intake capacity:
FIC (t) = BW0.75 (t) × FICS
× max [relFICG (t), relFICL (t)],

[2]

where FIC is the feed intake capacity in fill units/
animal per day, and FICS is the standard feed intake
capacity (0.11 fill units/kg BW0.75 per day).
Milk Production

In LiGAPS-Dairy, the genetic potential for the shape
of the lactation curve over time is described by Wood’s
equation (Wood, 1967). This genetic potential is only
based on the animal’s genetics, so the climate or other
biophysical factors do not play a role. This equation
expresses production in kg of milk/cow per day. Fat
and protein concentrations of milk decrease after calving, down to a minimum, and then increase toward the
end of the lactation. Average fat (Fat%) and protein
(Prot%) concentration of Holstein-Friesian cows’ milk
throughout the lactation were adopted from Meijer et
al. (1998). These concentrations were fitted to adapted
Wood’s equations by minimizing the root mean square
error (RMSE) between measured percentages and
percentages calculated from the adapted Wood’s equations:

(−3.75×10−3 ×t),

[3]

(−3.84×10−3 ×t),

[4]

Fat% (t) = 22.7 − 17.4 × t0.026 × e
Prot% (t) = 5.0 − 1.26 × t0.115 × e

where t indicates time in days after calving. Changes
in lactose content (4.5%) throughout lactation were
assumed to be negligible. The gross energy in milk
(GEMilk, MJ/kg) throughout lactation was calculated
from the gross energy contents of fat (39.3 MJ/kg),
protein (23.8 MJ/kg), and lactose (16.5 MJ/kg), and
the concentration of fat, protein and lactose in milk.
The GEMilk over the lactation was fitted to an adapted
Wood’s equation:
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(−1.73×10−3 ×t)  ,
GEMilk (t) = 1.03 × 5.50 − 1.79 × t0.103 × e




[5]
where t indicates time in days after calving. Milk production was expressed also as fat- and protein-corrected
milk (FPCM). An equation for FPCM was added to
the model, using 4.0% fat content and 3.3% protein
content as benchmarks (CVB, 2016). The gross energy
in FPCM was 3.09 MJ/kg. The calibration and evaluation of the model described in the next section were
based on FPCM production to account for differences
in milk composition.
First, energy and protein requirements for maintenance, physical activity, and gestation have to be met.
If energy and protein from feed exceed these requirements, the remaining energy and protein are allocated
to milk production and growth. The maximum amount
of energy and protein allocated to milk production is
determined by the genetic potential for milk production, which is described by the Woods equation. The
3 parameters of the Woods equation were fitted during model calibration, as described in the next section.
The allocation between milk production and growth is
dependent on the body condition of the animal and the
lactation stage. Experimental results suggest a curvilinear relation between BCS and milk production, where
especially low BCS is associated with reduced production (Roche et al., 2009; Pires et al., 2013). The BCS is
correlated with the amount of subcutaneous fat tissue
(Domecq et al., 1995). The subcutaneous and intermuscular fat tissue are both used as body reserves. In
LiGAPS-Dairy, the weight of subcutaneous and intermuscular fat tissue is divided by the genetic maximum
weight of subcutaneous and intermuscular fat tissue
(FT) to reflect body condition. This genetic maximum
weight is calculated the same way as in LiGAPS-Beef,
where empirical equations were used to calculate the
genetic maximum weight for bone, muscle and fat tissues in the carcass (van der Linden et al., 2019a). The
reduction factor for the genetic potential milk yield
(RFMY) is written as a function of FT, which resembles the curvilinear relation between BCS and milk
production reported in literature. Hence, the RFMY
allows cows with lower BCS to allocate less energy and
protein to milk production and more to growth:
RFMY (t) = min[1, FT0.5 (t) + RFMYmin],

[6]

where RFMYmin is the minimum value for RFMY,
based on experimental data. Allocation between milk
production and growth is also dependent on the stage
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of lactation. Priority is given to milk production in
early lactation, which results in mobilization of fat tissues and subsequent loss of body weight. Priority is
gradually shifted to growth during later phases of lactation to regain body (fat) tissues. A scaling factor for
body growth during lactation (SFG) was adopted from
Johnson et al. (2016). This factor is negative in early
lactation and positive during later stages in lactation.
Cows are assumed to be able to mobilize fat tissues up
to d 95 after calving if energy deficiencies occur.
SFG (t) = (t − 95)/(t + 95),

[7]

where t is the time in days after calving. Up to d 95
after calving, the NE available for lactation (NEL) is
described as a function of RFMY, SFG, and the remaining NE not used for maintenance, physical activity, and
gestation (NER). After d 95, a fraction of the energy
is allocated to growth if the weight of the subcutaneous and intermuscular fat tissue is below the genetic
maximum.
NEL (t≤95) = min{NELgenotype (t) × RFMY (t), NER (t)
× [1 + MF1 × │SFG (t)│]},

[8]

NEL (t>95) = min(NELgenotype (t) × RFMY (t), NER (t)
× {1 − MF2 × │SFG (t)│ × [1 − FT (t)]}),

[9]

where t is time in days after calving, NELgenotype is the NE
required to produce the genetic maximum milk yield,
and MF1 and MF2 are multiplication factors for SFG,
based on experimental data. After calculation of NEL,
the NE for growth is the balancing variable. Growth is
negative if NEL is larger than NER, which means that
body reserves are mobilized. It is assumed that 75%
of the mobilized body reserves are from subcutaneous
and intermuscular fat in the carcass (gross energy: 29.6
MJ/kg, conversion efficiency from gross energy to NE
assumed to be 90%), and 25% from noncarcass tissues
(gross energy/kg tissue varies over time in LiGAPSDairy, conversion efficiency from gross energy to NE
assumed to be 90%). The milk yield is calculated from
NEL on a daily basis. Protein required for lactation
(ProtL) is calculated from the milk yield (MY, kg/
cow per day), Prot%, and the conversion efficiency of
metabolizable protein to milk protein (ηprot; CSIRO,
2007).
ProtL (t) = MY (t) × Prot% (t)/ηprot

[10]

For simplicity, it is assumed that protein deficiency decreases milk yields, but not the protein concentration
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of the milk (Sutton, 1989). Similar to NE, the protein
requirements for maintenance, physical activity, and
gestation have to be met first. The remaining protein
is allocated to milk production and growth. Protein
deficiency occurs if the amount of protein allocated to
milk production is lower than ProtL. If so, the milk
production under protein deficiency is reduced proportionally to the amount of protein available for lactation
relative to ProtL. Hence, daily MY can be limited by
both energy and protein deficiency. Protein deficiency
in nonlactating cows results in a reduction in growth,
as described by van der Linden et al. (2019a). Excess
protein in the diet was assumed not to reduce milk production and growth. In LiGAPS-Dairy, excess protein
increases nitrogen excretion via urine and decreases the
nitrogen use efficiency.
Calibration and Evaluation

Experimental Data. Model evaluation is essential
before its application to justify the model can be used
for the purpose it has been developed for. The accuracy
of model results is quantified during such an evaluation by comparing model results with independently
measured experimental data (Bellocchi et al., 2010).
We compared results of LiGAPS-Dairy with data from
2 experimental farms with Holstein-Friesian cows in the
Netherlands, which were part of a larger data set of
Wageningen Livestock Research, Wageningen University, the Netherlands (Zom et al., 2012b). Data were
obtained from 1 experiment at experimental farm ’t
Gen and 2 experiments at the experimental farm De
Waiboerhoeve. Both farms were located near Lelystad
(52.5°N, 5.6°E), the Netherlands. The average annual
temperature on this location is 10.1°C and the average
precipitation is 826 mm/yr (1992–2018). The experiment conducted at ’t Gen lasted from October 1991 to
January 1995 (Zom et al., 2012b). The experiments at
De Waiboerhoeve lasted from 1993 to April 1997 (Meijer et al., 1998; van Duinkerken et al., 2005). Only cows
with more than 30 wk of data recordings were selected
for model calibration and evaluation. This criterion was
met by 220 cows [77 at ’t Gen, 76 from the experiment
of Meijer et al. (1998), and 67 from the experiment of
van Duinkerken et al. (2005)]. They had 349 lactations,
and more than 11,000 weekly aggregated milk production measurements.
Holstein-Friesian cows were permanently kept in cubicle sheds and milked twice a day in all experiments.
They were fed with fresh grass, grass silage, hay, straw,
maize silage, and concentrates. Drinking water and feed
(except for concentrates) were available ad libitum.
Feed quality (including DM content, CP content, and
digestibility) and milk quality (fat and protein content)
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were measured weekly. Individual feed intake and milk
yields were measured on a daily basis, and were aggregated per week (Zom et al., 2012b). First, aggregation was conducted because feed and milk quality were
measured weekly. Second, aggregation reduces large
day-to-day variation in feed intake due to meals just
before or after the time that separates a 24-h period
from another. Third, aggregation reduces day-to-day
variation because it accounts for transfer of a part of
the concentrates budget to the next 24-h period when a
cow does not fully consume the concentrate allowance
in the current 24-h period. Aggregation per week is a
regular procedure that is described in documents for
internal procedures of Wageningen Livestock Research
(Ronald Zom, personal communication).
All weekly data were interpolated and expressed as
daily data, because the time step of LiGAPS-Dairy is 1
d. Average daily milk production in the 3 experiments
was 28 to 30 kg of FPCM. The average milk fat content
was 4.42%, and the average milk protein content was
3.57%. The average digestibility of the diet was 70.6%,
which is equivalent to 10.7 MJ of ME/kg of DM. The
average CP content was 168 g of CP/kg of DM. Individual body weights were measured at least once per
week.
Model Inputs and Settings. Information about
the genetic makeup of individual animals was not
available. Therefore, it was assumed that the genetic
potential for milk production and other genetic characteristics were similar for all cows. Similar to LiGAPSBeef, LiGAPS-Dairy uses 22 parameters describing
the animal’s genotype. As presented in Supplemental
Table S1 (http://dx.doi.org/10.17632/kndd25m5y3.1,
van der Linden, 2021), 16 parameters were specific for
the Holstein-Friesian breed, 5 parameters were assumed
to be universal for Bos taurus cattle, and a parameter
for the lipid concentration in bones of Holstein-Friesian
cows was assumed to be the same as the parameter
for beef breeds of similar weight. The average rumen
content for Holstein-Friesian cattle was assumed to be
20% of the total BW (NRC, 2001; Yan et al., 2009),
which was higher than the percentage in LiGAPS-Beef.
The fraction of bones in the carcass of dairy cows was
higher than for beef cows. The parameter determining
bone growth was adjusted to that reported in literature
(Lawrence et al., 2010).
Required weather variables were the same as the
ones required for LiGAPS-Beef (van der Linden et
al., 2019a). Daily weather data for the experimental
farms were obtained from a nearby weather station in
Lelystad (52.5°N, 5.5°E, altitude −4 m above sea level)
(KNMI, 2019). Outside temperatures were assumed to
be equal to indoor temperatures and solar radiation
Journal of Dairy Science Vol. 104 No. 5, 2021

was assumed to be zero, because the roof of the stable
was nontranslucent.
Under potential conditions, feed quality and available feed quantity are not limiting production (van de
Ven et al., 2003). Therefore, the diet for potential production must maximize feed digestibility, ME and CP
content, and also contain sufficient physically effective
NDF to sustain rumen functioning (van der Linden et
al., 2015, 2019a). The CP content was set at 225 g/kg
of DM to avoid protein deficiency and the physically
effective NDF was set at 210 g/kg of DM to sustain
rumen functioning (Mertens, 1997). The ME content
was maximized (i.e., as high as possible) using linear
programming, which is also referred to as linear optimization. Ingredients of the diet were soybean meal
for CP supply, wheat grain for ME supply, and good
quality hay for supply of physically effective NDF. The
theoretical diet that met the requirements consisted
of 19.5% soybean meal, 31.8% wheat, and 48.6% good
quality hay. The ME content of this diet was 13.5 MJ/
kg of DM, the NDF content was 318 g/kg of DM, and 1
kg of DM equals 0.80 fill units. This diet was assumed
to be fed ad libitum before and during the experiments
under potential production. Under feed quality limited
conditions, diets correspond to the diets fed on-farm
during the experiments. The measured feed quality
(ME and CP content) over time was used as model
input. Because cows had ad libitum access to feed in
the experimental farms, we assumed that feed quantity
was not limiting milk production.
Cow health was regularly checked at the experimental farms. For calibration and evaluation, only data of
clinically healthy cows were used from the experiments
at the Waiboerhoeve (Zom et al., 2012a,b). Therefore,
effects of the reducing factors stress and diseases on
milk production were assumed to be negligible. Because
feed quantity limitation and reducing factors were assumed absent, the actual milk production (YA) on the
experimental farms is expected to approximate the feed
quality limited milk production (YL). This implies also
that the yield gap in the experiments is approximately
the difference between potential milk production (YP)
and YL.
Individual cows were simulated from birth up to the
end of the experimental periods. Birth dates or ages
of cattle were not available for most cows, but cattle
weights were available. We assumed that cows below
383 kg were primiparous cows of 2 yr old, cows between
383 and 554 kg were 3 yr old, and cows above 554 kg
were 4 yr old. The feed available before the experiment
was adjusted in such a way that the simulated weight
under feed quality limited production corresponded to
the measured weight at the start of an experiment.
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Methods for Calibration and Evaluation. The
model LiGAPS-Dairy was calibrated and evaluated by
K-fold cross-validation, which is sometimes referred
to as cross-partitioning. This method splits the total
experimental data into parts of a similar size. All parts
minus 1 are used for model calibration, and 1 part for
model evaluation (Hastie et al., 2009). A major advantage of K-fold cross-validation over the single-split
method is the more robust assessment of a model’s performance, because all data are used for both calibration
and evaluation instead of random data selection for either calibration or evaluation. In addition, the method
allows to estimate the uncertainty around a model’s
performance (Peterson et al., 2011).
Experimental data were split in 3 parts, each part
corresponding to 1 experiment. Hence, data of each
experiment were used twice for model calibration and
once for model evaluation during K-fold cross-validation. LiGAPS-Dairy was calibrated by improving the
fit between the simulated milk production and feed
intake per lactation under feed quality limited production and the measured milk production and feed intake
per lactation, because the model is primarily developed
to simulate milk production levels and feed efficiency.
Milk yield was expressed in kg of FPCM per lactation.
Several lactating cows were excluded from experiments
by the personnel of the experimental farms. As a result,
a minority of lactations was incomplete (i.e., no full
lactation). This was irrelevant for the present study,
because measured and simulated milk production up
to exclusion (at least 30 wk/animal) were considered to
be adequate for model evaluation. During model calibration the difference between simulated and measured
milk production per lactation was minimized, as well
as the difference between simulated and measured feed
intake per lactation. Differences in milk production and
feed intake were both expressed as RMSE (Bennett et
al., 2013). All Holstein-Friesian cows were assumed to
have the same genotype (i.e., no variation in the genetic
parameters), so LiGAPS-Dairy was calibrated for the
average genotype of cows. The following 8 parameters
were manually adjusted to minimize the average of both
RMSE: the 3 parameters of Wood’s equation (Wood,
1967), the conversion efficiency of ME to NE for lactation, and the conversion efficiency of metabolizable
protein to milk protein (ηprot) were calibrated because
these parameters are expected to affect the milk production of dairy cows to a large extent. Parameters
RFMYmin (Equation 6), MF1 (Equation 8) and the curvature parameter α for maximum feed intake (Johnson
et al., 2016) were calibrated because they were new to
the model and play a major role in the allocation of
energy and protein to milk and growth of body tissues
Journal of Dairy Science Vol. 104 No. 5, 2021

(Supplemental Table S2, http://dx.doi.org/10.17632/
kndd25m5y3.1, van der Linden, 2021). Adjusting NE
requirements for maintenance and conversion of digestible to metabolizable energy, 2 parameters to which
LiGAPS-Beef was sensitive (van der Linden et al.,
2019b), did not further reduce the RMSE. Parameter
MF2 (Equation 9) was set to 2.0, and adjusting this
value did not further reduce the RMSE either.
The average performance of LiGAPS-Dairy under
calibration and evaluation using K-fold cross-validation
was calculated according to Hastie et al. (2009). The
difference between simulated and measured milk yields
was expressed as the mean absolute error (MAE),
relative MAE, mean square error (MSE), RMSE, and
relative RMSE (Bennett et al., 2013). The MSE was
further split in the bias, slope, and random component
(Bibby and Toutenburg, 1977). This approach allows to
investigate what part of the MSE could be attributed
to systematic errors (bias component), inability to resemble the variability in milk production (slope component), and unexplained variance (random component).
Furthermore, linear regression was used to investigate
whether simulated and measured milk production and
feed intake differed significantly from each other.
Model Illustration. The model LiGAPS-Dairy was
developed to simulate YP and YL of dairy cows, which
allows to quantify and analyze yield gaps. Yield gaps of
Holstein-Friesian cows were calculated as the difference
between the simulated YP and YA (kg of FPCM per
lactation). Model illustration was conducted with the
averages of the 8 parameters that were adjusted during
the calibration procedure. Similarly to yield gaps, productivity gaps were calculated as the difference in feed
efficiency under potential production and actual production (kg of FPCM/kg of DM feed intake). Similar to
LiGAPS-Beef, the model LiGAPS-Dairy lists the factors that define or limit production most. The defining
factor climate was split into heat stress and cold stress.
Heat stress occurs if heat production from all metabolic
processes exceeds the maximum heat release of the animal in the ambient climate. Under heat stress, feed intake is reduced to the level that heat production equals
maximum heat release. Milk production and growth
are thus defined by the occurrence of heat stress. Cold
stress occurs if heat production is below the minimum
heat release of the animal, and results in an increase in
feed intake if sufficient feed is available. The limiting
factor feed quality was split into feed intake capacity
limitation (animal cannot consume more fill units)
and protein deficiency (van der Linden et al., 2019a).
Simulated body weights of cows corresponded to the
measured weights at the start of an experiment under
feed quality limited production. This was achieved by
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Table 1. Calibration of LiGAPS-Dairy for data of 3 experiments with a total of 220 Holstein-Friesian cows in the Netherlands1
Calibration statistics2

Units3

Average measured
Average simulated
Average difference
Mean absolute error
Relative mean absolute error
Root mean square error
Relative root mean square error
Bias component
Slope component
Random component
P-value intercept equal to 0
P-value slope equal to 1

kg of FPCM
kg of FPCM
kg of FPCM
kg of FPCM
%
kg of FPCM
%
% MSE
% MSE
% MSE
—
—

or
or
or
or

kg
kg
kg
kg

of
of
of
of

DM
DM
DM
DM

or kg of DM

Milk yield
per lactation4

Daily
milk yield5

Feed intake
per lactation4

Daily
feed intake5

8,516 (348)
8,427 (407)
−89 (63)
974 (21)
11.5 (0.5)
1,250 (34)
14.8 (0.9)
1.0 (0.6)
4.4 (4.1)
94.6 (3.7)
0.278 (0.147)
<0.001

29.6 (0.4)
29.5 (0.5)
−0.1 (0.2)
5.0 (0.4)
18.1 (1.6)
6.5 (0.7)
22.1 (2.0)
33.8 (4.3)
15.1 (1.8)
51.2 (6.1)
0.085 (0.025)
0.013 (0.004)

6,063 (227)
6,220 (307)
157 (106)
607 (72)
10.0 (0.8)
786 (83)
12.9 (0.9)
6.3 (3.8)
2.5 (1.2)
91.2 (2.7)
0.177 (0.163)
<0.001

20.5 (0.1)
21.1 (0.3)
0.7 (0.4)
3.3 (0.4)
18.8 (2.4)
4.0 (0.4)
20.9 (2.4)
31.2 (0.6)
27.1 (3.5)
41.6 (3.9)
0.015 (0.006)
0.040 (0.016)

1

Values between brackets indicate SE.
Bias, slope, and random components of the MSE are calculated from Bibby and Toutenburg (1977); P-values <0.025 indicate significant differences (2-tailed).
3
FPCM = fat- and protein-corrected milk; MSE = mean square error.
4
Cows were included if at least 30 wk of milk yield and feed intake data were available. Lactations were thus at least 30 wk but could have been
extended after the end of experiments.
5
Daily milk yields and feed intake are based on interpolated weekly data.
2

adjusting the model input feed availability before the
start of an experiment. Cows simulated under potential
production were fed ad libitum before the start of an
experiment, because feed availability does not play a
role under potential production. As a result, simulated
body weights under potential production were higher
than simulated body weights under feed quality limited production at the start of experiments. The model
LiGAPS-Dairy allocates a higher percentage of energy
and protein to milk production and a lower percentage to body reserves at higher body weights. One of
the reasons why simulated milk production during
experimental periods is higher under potential production than under feed quality limited production is thus
related to higher initial weights. The yield gap in milk
production is thus partially explained by differences in
initial weight. The factor initial weight, therefore, was
taken into account in yield gap analysis.
The factors listed were the primary factors that define
and limit milk production. For example, if a reduced
feed intake due to heat stress resulted in energy or protein deficiency, heat stress was considered the primary
factor that determined milk production. The factors
for milk production identified with LiGAPS-Dairy were
subsequently compared with the factors provided in the
literature to analyze and explain yield gaps. In addition
to the yield gap, the difference between the genetic potential for milk production (described by the shape of
Wood’s equation) and YP was analyzed. This difference
is explained by the defining factor climate, which was
split into heat stress and cold stress.
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RESULTS AND DISCUSSION
Calibration and Evaluation

Calibration. The model was calibrated 3 times,
with different combinations of data from 2 experiments
each time. The average MAE per cow was 974 kg of
FPCM per lactation, which corresponds to 11.5% of the
FPCM production (Table 1). The average RMSE per
lactation was 1,250 kg of FPCM, equivalent to 14.8%
of the FPCM production. In comparison, the relative
RMSE ranged between 7 and 17% after calibration
of the model LIVSIM for Holstein × Boran cows in
Ethiopia (Rufino et al., 2009). Hence, the accuracy of
LiGAPS-Dairy is within the range reported by Rufino
et al. (2009).
The relative MAE and relative RMSE were higher
for daily MY (interpolated from weekly data) than for
average MY per lactation (Table 1). This is explained
by the occurrence of both overestimation and underestimation of daily simulated milk production, which
average out when the milk production per lactation is
calculated. In addition, a minor explanation may be
the use of daily milk production that was based on interpolation from measured weekly data, whereas daily
milk production was simulated. The relative MAE and
relative RMSE for feed intake per lactation and per day
were similar to those of MY (Table 1).
After calibration, the bias component of the MSE for
MY per lactation was 1.0% and slope component was
4.4% (Table 1). The calibrated model thus reproduced

van der Linden et al.: MODELING YIELD GAPS IN DAIRY PRODUCTION

the variability of measured milk yields closely with
little bias, which indicates the model was calibrated
adequately (Figure 1). The random component of the
MSE and the MAE and RMSE may be partially explained by the use of generic parameters that reflect
the assumed average genotype of a Holstein-Friesian
cow in the experiments. Individual genotypes differed,
however, from the average genotype, thereby causing
differences between measured and simulated milk yields.
In addition, the genetic potential for milk production
of Holstein-Friesian cows is known to have increased
gradually over time due to breeding (Veerkamp et al.,
2013), which may have changed the genotype over the
years in which the 3 experiments were conducted. Accounting for variation in animals and animal genetics
may further improve the fit between simulated and
measured milk yields (Tedeschi et al., 2014).
For milk yields per lactation the average intercept
of the regression line between simulated and measured
yields was not significantly different from 0, but the
average slope was significantly different from 1 (P <
0.001; Table 1). These metrics indicate that simulated
and measured milk yields per lactation differed significantly. For the daily milk yields likewise the intercept
of the regression line between simulated and measured
yields was not significantly different from 0, but the
slope was significantly different from 1 (P = 0.013;
Table 1).
Model Evaluation. The MAE for milk production
per lactation was 1,034 kg of FPCM per cow per lactation, which was equivalent to 12.2% (SE = 0.9%)
of the measured production (Figure 2, Table 2). The
relative MAE for daily milk yields was 18.7%. The
relative RMSE for milk production per lactation was
15.5%, and the relative RMSE for daily milk yields was
22.7% (Table 2). These values broadly correspond to
RMSEs reported for dairy models. The Cornell-PennMiner Dairy model, for example, had a relative RMSE
of 15.9% of the observed postpeak daily milk yields
(Tedeschi et al., 2008). A comparison study of 4 dairy
models indicated that relative RMSEs ranged between
20 and 31% of the observed daily milk yields (Tedeschi
et al., 2014). These model performances are not directly comparable to the performance of LiGAPS-Dairy,
because Tedeschi et al. (2008 and 2014) used data for
multiple countries to evaluate milk yields, whereas this
study focused on the Netherlands only. In addition, the
dairy models in the studies of Tedeschi et al. (2008,
2014) used feed intake as an input, whereas feed intake
is a model output of LiGAPS-Dairy under ad libitum
feed supply.
For milk production per lactation the bias component
of the MSE was relatively large (31% of MSE). This is
mainly due to the experiment described in Meijer et
Journal of Dairy Science Vol. 104 No. 5, 2021

Figure 1. Simulated and measured milk production of HolsteinFriesian cows in 3 experiments after model calibration. One experiment was conducted at experimental farm ’t Gen. Experiments described by Meijer et al. (1998) and van Duinkerken et al. (2005) were
conducted at experimental farm De Waiboerhoeve. Data of 2 experiments were used at a time for calibration in 3 different combinations
(A–C). Dashed lines indicate 1:1 lines; solid lines indicate regression
lines of individual experiments. FPCM = fat- and protein-corrected
milk.
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dicates that there was a significant difference between
simulated and measured values.
The MAE for simulated feed intake per lactation
was 627 kg of DM per cow per lactation, which was
equivalent to 10.3% of the average measured feed intake
(Figure 3, Table 2). Feed intake per lactation was overestimated on average by 157 kg of DM, or 2.6% by the
model (Table 2). The performance of LiGAPS-Dairy
for feed intake corresponded with its performance for
milk production, where relative MAE and RMSE were
similar. The average measured feed efficiency was 1.41
kg of FPCM/kg of DM feed intake, and the simulated
feed efficiency was 1.36 kg of FPCM/kg of DM feed
intake, which is a difference of 3.5%. Whether the values of the metrics used to evaluate the performance of
a model are acceptable depends on the purposes the
model was designed for and the specific interests of
the model user (Bellocchi et al., 2010). We think the
current performance of LiGAPS-Dairy is acceptable for
Holstein-Friesian cattle in the Netherlands, especially if
one focuses on milk yield and feed intake per lactation.
Model users should be careful to use LiGAPS-Dairy for
simulating day-to-day variation in milk yields and feed
intake, because of the relatively high RMSE.
Model Illustration

Figure 2. Simulated and measured milk yields of Holstein-Friesian
cattle in 3 experiments under model evaluation. Dashed lines indicate
1:1 lines. Solid lines indicate regression lines, and their colors correspond to the colors of the experiments. FPCM = fat- and proteincorrected milk.

al. (1998), where measured milk yields per lactation
were higher than simulated milk yields and where the
majority of the MSE was explained by bias (55% for
milk production per lactation). This experiment had
the highest milk production per lactation. Model users
should thus pay attention to the parameters related
to the genotype, in particular Wood’s equation that
describes the genetic potential for the shape of the lactation curve over time.
For milk production per lactation the average intercept of the regression line between simulated and
measured yields was not significantly different from 0
(P = 0.191), but the average slope was significantly
different from 1 (P < 0.001; Figure 2, Table 2). Similar
results were found for the daily milk yields, which inJournal of Dairy Science Vol. 104 No. 5, 2021

Yield Gaps. Application of LiGAPS-Dairy indicated that the average YP was 9,549 kg of FPCM per
lactation (Table 3). The corresponding average yield
gap was 1,009 kg of FPCM per lactation, equivalent to
10.6% of YP, or complementary, YA was 89.4% of YP.
In crop production, farmers’ yields generally plateau
at 75 to 85% of the limited or potential production,
due to risk aversion and diminishing returns on inputs
and environmental effect (Cassman et al., 2003; van
Ittersum et al., 2013). In this study on dairy cows, YA
was above 75 to 85% of YP, which may not be surprising given the experimental context and the inclusion of
data for clinically healthy cows only.
The yield gap expressed as feed efficiency (i.e., productivity gap) was on average 0.23 kg of FPCM/kg
of DM, which was 14.2% of the average potential feed
efficiency (Table 3). The productivity gaps were in line
with relative lactation yield gaps. However, the model
tended to overestimate feed intake (Table 2), which
reduced the simulated feed efficiency.
Yield Gap Analysis. Yield gap analysis entails
identification of the biophysical factors that define,
limit or reduce agricultural production (van Ittersum
et al., 2013). Following our assumptions that reducing
factors were absent (only clinically healthy cows) and
that feed quantity limitation was absent too (ad libitum
diets), the yield gap was approximately the difference
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between YP and YL. Given the concepts of production
ecology, YP is defined by the genotype of the animal
and the climate (van de Ven et al., 2003). The difference between the genetic potential of the cows (9,586
kg of FPCM per lactation) and YP is 37 kg of FPCM
per lactation (Figure 4). This difference is explained
by heat stress (0.4 kg of FPCM), cold stress (23 kg of
FPCM), and feed intake capacity (13 kg of FPCM).
Hence, feed intake capacity could not be fully eliminated under potential production, despite the design of
the optimal diet to fully eliminate the limiting factors.
This result closely matches results for LiGAPS-Beef,
where feed intake capacity also played a minor role under potential production (van der Linden et al., 2019a).
The approximate yield gap, defined as the difference
between YP and YL (1,083 kg of FPCM per lactation)
is mainly explained by protein deficiency (39.4%, 427
kg of FPCM per lactation), the initial weight of the
animals at the start of experiments (36.5%, 395 kg of
FPCM per lactation), feed intake capacity (23.5%, 254
kg of FPCM per lactation) and heat stress (1.2%, 13 kg
of FPCM per lactation; Figure 4). The initial weights
of cows in experiments corresponded to the measured
weights under feed quality limited production, but not
under potential production. Cow weights at the start
of experiments were lower under feed quality limited
production than under potential production, and as a
result more energy and protein were allocated to growth
to regain body tissues instead of milk production under
feed quality limitation. Andre et al. (2011) estimated
average milk losses due to heat stress to be 31.4 kg/
cow per year in the Netherlands, which corresponded
to a reduction of 0.32% in milk production. In addition,
milk losses related to heat stress were estimated to be

62 kg/cow on an average Dutch farm (Timmerman et
al., 2018). Hence, the simulated milk loss due to heat
stress was lower than the reported values in the literature. Heat stress is a defining factor of which the effect
is aggravated under feed quality limited production due
to a higher heat increment of feeding of the diet (Figure
4). The reverse holds for cold stress, which explains
why this factor decreased the yield gap between YP and
YL (−0.6%, −7 kg of FPCM per lactation).
The model LiGAPS-Dairy identified when particular
biophysical factors define and limit milk production.
Because YL was assumed to approximate YA, the occurrence of factors that define and limit YL are assumed to
resemble practice most. Figure 5 presents these factors
for the first 210 d after calving. Milk production was
defined by the genotype on average for 53% of the total
time cows were kept in the experiments. The genotype
mainly defined milk production beyond 35 d after calving (Figure 5).
Heat stress defined production on average during
1% of the experimental time. Heat stress mostly occurred at maximum daily temperatures above 14°C
(Figure 6A). This result corresponds to Andre et al.
(2011) who indicated that heat stress is expected above
the upper critical temperature of 17.8°C for HolsteinFriesian cows in the Netherlands. Some maximum daily
temperatures at which heat stress occurred, although
only occasionally, were below 14°C (Figure 6A). This
may be explained by a combination of high milk yields
and environmental conditions restricting heat release
(high solar radiation levels, low wind speeds, and high
relative humidity; West, 2003; Herbut et al., 2018).
Cold stress defined milk production on average only
during 0.4% of the experimental time. Cold stress oc-

Table 2. Evaluation of LiGAPS-Dairy for data of 3 experiments with a total of 220 Holstein-Friesian cows in the Netherlands1
Item2
Average measured (kg of FPCM or DM)
Average simulated (kg of FPCM or DM)
Average difference (kg of FPCM or DM)
Mean absolute error (kg of FPCM or DM)
Relative mean absolute error (% FPCM or DM)
Root mean square error (kg of FPCM or DM)
Relative root mean square error (% FPCM or DM)
Bias component (% MSE)
Slope component (% MSE)
Random component (% MSE)
Intercept equal to 0 (P-value)
Slope equal to 1 (P-value)
1

Milk yield
per lactation3

Daily
milk yield4

Feed intake
per lactation3

Daily
feed intake4

8,540 (667)
8,466 (187)
−74 (513)
1,034 (37)
12.2 (0.9)
1,310 (38)
15.5 (1.0)
31.3 (13.0)
5.1 (3.6)
63.6 (10.8)
0.191 (0.089)
<0.001

29.6 (0.7)
29.7 (1.1)
0.1 (1.8)
5.2 (0.4)
18.7 (1.1)
6.7 (0.9)
22.7 (2.2)
35.7 (8.6)
13.7 (3.8)
50.6 (12.3)
0.105 (0.056)
0.023 (0.018)

6,071 (428)
6,228 (265)
157 (219)
627 (59)
10.3 (0.5)
785 (94)
12.8 (0.8)
25.4 (14.4)
0.6 (0.5)
74.0 (14.2)
0.447 (0.186)
<0.001

20.5 (0.3)
21.2 (0.6)
0.8 (0.8)
3.3 (0.4)
19.0 (3.3)
4.0 (0.5)
21.1 (3.1)
33.2 (5.8)
25.4 (6.8)
41.4 (5.6)
0.009 (0.005)
0.030 (0.011)

Values between brackets indicate SE
FPCM = fat- and protein-corrected milk; MSE = mean square error. Bias, slope, and random components of the MSE are calculated from
Bibby and Toutenburg (1977); P-values <0.025 indicate significant differences (2-tailed).
3
Cattle were included if at least 30 wk of milk yield and feed intake data were available. Lactations were thus at least 30 wk, but could have
been extended after the end of experiments.
4
Daily milk yields are based on interpolated weekly data.
2
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Table 3. Potential, feed quality limited, and actual milk production with the associated yield gap and potential, feed quality limited, and actual
feed efficiency (FE) with the associated productivity gap for 3 experiments with Holstein-Friesian cows conducted in the Netherlands
All
experiments

De Waiboerhoeve,
Meijer et al.
(1998)

De Waiboerhoeve,
van Duinkerken
et al. (2005)

Production level1

Units

Average potential production
Average feed quality limited
production
Average actual production
Yield gap
Relative yield gap
Average potential FE
Average feed quality limited FE
Average actual FE
Productivity gap FE
Relative productivity gap

kg of FPCM/lactation
kg of FPCM/lactation

9,549
8,466

9,238
8,136

9,537
8,479

9,873
8,784

kg of FPCM/lactation
kg of FPCM/lactation
% potential production
kg of FPCM/kg of DM
kg of FPCM/kg of DM
kg of FPCM/kg of DM
kg of FPCM/kg of DM
% potential FE

8,540
1,009
10.6
1.64
1.36
1.41
0.23
14.2

7,206
2,032
22.0
1.72
1.43
1.37
0.35
20.4

9,234
303
3.2
1.59
1.32
1.37
0.22
13.8

9,182
692
7.0
1.63
1.34
1.47
0.15
9.8

1

’t Gen

FE = feed efficiency; FPCM = fat- and protein-corrected milk.

Figure 3. Simulated and measured feed intake of Holstein-Friesian
cattle during 3 experiments in the Netherlands. Dashed lines indicate
1:1 lines. Solid lines indicate regression lines, and their colors correspond to the colors of the experiments.
Journal of Dairy Science Vol. 104 No. 5, 2021

curred at days when the minimum daily temperature
was below −2°C, and most cold stress occurred below
−10°C (Figure 6B). These results correspond to estimates of the lower critical temperature of cattle in
Europe. For example, Angrecka and Herbut (2015) indicated that the lower critical temperature for HolsteinFriesian cows in Poland was −7 to −12°C, depending
on wind speed and milk yields.
Feed intake capacity limited milk production during
12% of the experimental time, before the peak production (Figure 5). Feed intake (kg of DM/cow per day)
is affected by feed intake capacity, which is generally
expressed in fill units. Fill units are included in several models to predict dry matter intake for lactating
Holstein-Friesian cows, for example in the empirical
model of Zom et al. (2012b).
Protein deficiency limited milk production for 34%
of the experimental time, and its relative importance
increased from calving up to approximately 120 d after
calving (Figure 5). The simulated protein deficiency
may be unexpected, because cattle diets were designed
to avoid protein deficiency with the Dutch DVE/OEB
system from 1991 (DVE = true protein digested in the
intestines; OEB = degradable protein balance) (Tamminga et al., 1994). The simulated occurrence of protein deficiency suggests that imperfections may exist in
LiGAPS-Dairy and the DVE/OEB system. Equations
describing protein flows in DVE/OEB system from
1991 have been updated in 2007 and 2010, after the
experiments were conducted (van Duinkerken et al.,
2011). The amount of protein digested in the intestines
was higher for particular feeds (e.g., grass silage) in the
DVE/OEB system from 1991 compared with the system from 2007. The protein digested in the intestines
might have been overestimated by the DVE/OEB system from 1991 in the experiments, which might explain
a part of the protein deficiency.
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production, to what extent, and when (Figures 4 and
5). The biophysical factors that define and limit milk
production are broadly known for Dutch dairy systems,
where emphasis is put on breeding to increase potential
production and improved feeding to mitigate yield gaps.
The novelty of the model thus lies in the quantification

Figure 4. Analysis of the average yield gap of Holstein-Friesian
dairy cows in the Netherlands. In this study, the yield gap is approximately the difference between potential production (YP) and feed
quality limited production (YL). Cold stress defined milk production
less at YL than at YP, because of a lower-quality diet at YL and an
increased heat increment of feeding. The contribution of cold stress to
the yield gap was negative (−7 kg FPCM), which is indicated by the
small difference between the dashed line for YL and the line separating the gray and green segments. FPCM = fat- and protein-corrected
milk.

The average protein content of diets in the experiments was 168 g of CP/kg of DM (Figure 7). Average
protein contents of diets ranged between 140 and 190 g
of CP/kg of DM in the experiment of van Duinkerken
et al. (2005). Milk production of cattle on the lower
side of this range might have been limited by protein
deficiency, because diets containing 140 to 150 g of CP/
kg of DM are considered to be low in CP for lactating
Holstein cows (Sinclair et al., 2014). In line with expectations, simulated protein deficiency mostly occurred
when the CP content of the diet was lower than the
average CP content (Figure 7).
The yield gap analysis conducted in this study identified which biophysical factors defined and limited milk
Journal of Dairy Science Vol. 104 No. 5, 2021

Figure 5. Average milk yields according to the genetic potential,
and under feed quality limited (YL) and actual production (YA) of 220
Holstein-Friesian cows in their first 210 d after calving in experiments
(A) and the biophysical factors defining and limiting milk production
under feed quality limited production (B). FPCM = fat- and proteincorrected milk.
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of the contribution of individual factors to the yield gap
and their occurrence over time.
Effects of reducing factors, diseases and stress, were
not assessed because experimental data only included
clinically healthy cows. If the model is applied to dif-

ferent conditions where diseases and stress are known
to reduce milk production, the model can be used to
assess effects of these reducing factors too. The part
of the yield gap explained by reducing factors can be
calculated as the difference between feed-limited production and YA (van de Ven et al., 2003). Although
beyond the scope of this model illustration, the outcomes of yield gap analysis can be used to specify and
explore improvement options to increase resource use
efficiency and mitigate yield gaps (van Ittersum et al.,
2013; Mayberry et al., 2017; Silva et al., 2017). Besides
biophysical factors, socioeconomic, cultural, and ethical factors have to be taken into account in yield gap
mitigation. This explains why crop production levels
plateau at 75 to 85% of potential production (Cassman
et al., 2003; van Ittersum et al., 2013). Especially for
livestock, yield gap analysis has to be placed in a wider
ethical context, that allows to eliminate improvement
options compromising animal welfare and environmental goals (Garnett et al., 2013).
Future Steps

The model evaluation presented for Holstein-Friesian
cows in the Netherlands is an important step in the

Figure 6. Number of cow days where heat stress (A) or cold stress
(B) defined milk production of Holstein-Friesian cows (n = 220) under
feed quality limited production.
Journal of Dairy Science Vol. 104 No. 5, 2021

Figure 7. Crude protein content of diets versus milk production
under feed quality limited production. The large circle indicates the
average CP content for all cow days with protein deficiency (black
dots). The diamond indicates the average milk production for all days
in the experiment, irrespective of the occurrence of protein deficiency.
FPCM = fat- and protein-corrected milk.
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evaluation of a model that is designed to be generic and
applicable to different dairy production systems across
the globe. Obvious next steps in model evaluation
would be to evaluate the model for different production systems, countries, and breeds. Model evaluation
was conducted for cows permanently housed in stables,
whereas the majority of Dutch dairy cows graze on pasture during parts of the year. A challenge in simulating
dairy cows that are kept on pasture lies in obtaining
accurate input parameters and variables for LiGAPSDairy. Feed quality is an important input for the model,
but the quality of grass consumed on pasture is often
unknown, and varies throughout the year (Stergiadis
et al., 2015). In addition, the model may overestimate
grass intake at low sward height, because it does not
account for interactions between the animal and the
grass. A priority in future research, therefore, is model
evaluation for data-rich grazing systems, and inclusion
of interactions between animals and grass.
In the present paper, model evaluation was conducted
with experimental data for individual cows over a period of 1 lactation of at least 30 wk up to a time period
of 4 lactations. The total lifetime productivity of cows
was not investigated, because data for such long-term
experiments are lacking. The model LiGAPS-Dairy can
simulate milk production; however, for a complete life
span from birth of a calf to slaughter of an adult cow.
We assume a cow’s life span can be simulated adequately as well, because the evaluation already included time
periods of 1 up to 4 lactations. In addition, model users
can scale up from an individual animal to the herd level
similarly to LiGAPS-Beef. This allows to account for
milk production by cows and for beef production from
cull cows and calves.
The model LiGAPS-Dairy was not developed to
simulate the daily fat and protein contents of milk
as a function of genotype, climate, feed quality, and
available feed quantity. Instead, FPCM production was
calculated from empirical equations (Equations 3 and
4). Future research may focus, therefore, on simulating
milk quality by adopting, for example, more mechanistic equations for Holstein-Friesian cows from Daniel et
al. (2016).
Because the livestock sector accounts for 14.5% of
the anthropogenic greenhouse gas (GHG) emissions
(Gerber et al., 2013), extension of LiGAPS-Dairy with
equations for GHG emissions will be relevant. The
present model, however, did not focus on inclusion of
enteric CH4 emissions and CH4 and N2O emissions from
manure. Inclusion would allow to calculate GHG emissions per kg of FPCM (i.e., emission intensity) under
potential and feed-limited production, which provides
insights in synergies and trade-offs between milk production and GHG emissions.
Journal of Dairy Science Vol. 104 No. 5, 2021

Finally, future research could link diet composition
to competition for arable land between food and feed
production. The diet under potential production included 31.8% wheat, which may be partially food grade
quality. The diet under feed quality limited production
and actual production hardly included human-edible
constituents. Diets containing larger percentages of human-edible ingredients result in more food-feed competition (van Zanten et al., 2018). Feeding human-edible
ingredients to cows may thus result in a higher milk
production per lactation and a higher feed efficiency at
a dairy farm, but it may decrease food production at
larger scales (e.g., regional or national level).
CONCLUSIONS

The mechanistic model LiGAPS-Dairy was developed
from an existing model to quantify and analyze yield
gaps in dairy production systems, which is defined as
the difference between the potential and actual milk
production per lactation. After evaluation of the model
with experimental data from the Netherlands, we classified its performance as acceptable. Average relative
yield gaps were estimated to be approximately 11% of
YP and were mainly explained by protein deficiency,
cow weight at the start of experiments, feed intake
capacity, and heat stress. LiGAPS-Dairy identified the
genotype as the most important defining factor for milk
production (53% of cow days in experiments) under
feed quality limited production, and protein deficiency
as the most limiting factor (34% of cow days in experiments). Hence, the model can be used to identify
which factors define and limit milk production, to what
extent, and when during lactation. This opens possibilities to explore management strategies relating to heat
stress and protein deficiency to increase milk production and feed efficiency. Next steps are evaluation of the
model for dairy production systems in other countries
than the Netherlands, and exploration of management
strategies.
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APPENDIX

The R-code of LiGAPS-Dairy is published open
source at the model portal of the Plant Production Systems group of Wageningen University & Research, the
Netherlands (https://models.pps.wur.nl/models). Supplemental Material to this paper can be found on Mendeley Data (http://dx.doi.org/10.17632/kndd25m5y3
.1, van der Linden, 2021).

