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ABSTRACT

Extended calving interval (CInt) for high-yielding 
dairy cows beyond the traditional 12 mo has been 
suggested as a profitable, environmentally and welfare-
friendly production strategy. However, concerns exist 
on whether extending cow CInt, and consequently 
prolonging lactation length, impairs milk quality. The 
aim of this study was to compare the quality of milk 
produced during the extended lactation period to mid 
lactation. In particular, milk indicators related to ud-
der integrity and cheesemaking properties when cows 
were fed low- or high-energy diets in early lactation 
mobilization period. Forty-seven healthy Danish Hol-
stein cows (15 primi- and 32 multiparous) were fed 2 
distinct weight-adjusted diets in early lactation: either 
a high-density diet for approximately 42 d in milk 
(DIM) followed by a low-density diet (n = 22), or a 
low-density diet throughout the whole experiment (n 
= 25). Milk quality was explored at 3 lactation peri-
ods: 140 to 175 DIM (P1), 280 to 315 DIM (P2), and 
385 to 420 DIM (P3). Lactation period was found to 
be the main factor affecting milk yield, quality, and 
cheesemaking properties. Primiparous cows kept the 
same daily milk yield throughout the studied periods, 
whereas multiparous cows produced, on average, 10.2 
kg/d less in P3 compared with P1. Fat, protein, and 
casein concentrations increased, respectively, by 18, 
16, and 16%, from P1 to P3. Cheesemaking proper-
ties, such as curd-firming rate, gel strength, and wet 
and dry curd yield, got an improvement from P1 to P3 
and were strongly correlated with milk concentrations 
of protein and casein. The udder integrity indicators, 
somatic cells count, level of free amino terminals as an 
index of proteolysis, and milk pH, remained unchanged 
throughout the studied lactation periods. Feeding cows 

either high- or low-density diets during the early lac-
tation mobilization period did not exert any relevant 
carryover effect on milk composition, and thus had no 
effect on cheesemaking properties in extended lacta-
tion. Further, sensory quality of mid- and extended-
lactation milk was assessed by a trained sensory panel. 
The sensory quality of milk from P3 reflected sensory 
descriptors related to the increased levels of fat and 
protein over lactation, but, importantly, milk produced 
in P3 did not present sensory demerits when compared 
with milk produced in P1. In conclusion, high-yielding 
Holstein cows undergoing an 18-mo CInt produced 
high-quality milk from mid to extended lactation.
Key words: milk coagulation, automatic milking 
system, individual feeding strategy, extended lactation

INTRODUCTION

Extended lactation is a production strategy in which 
rebreeding is deliberately delayed maximize lactation 
persistency rather than peak production (Sorensen et 
al., 2008). In many production systems, dairy cows 
calve once a year, usually achieving three 12-mo calving 
intervals (CInt) during their lifetimes (Knight, 2005). 
Extending the lactation period beyond the 12-mo CInt 
has been suggested as an alternative strategy, and its 
potential to better exploit modern dairy cow produc-
tion capacity has been investigated in pasture-based 
(Kolver et al., 2007), seasonal-grazing (Österman and 
Bertilsson, 2003; Lehmann et al., 2016), and all-year 
barn-feeding dairy production systems (Lehmann et al., 
2016).

By extending CInt, the number of calves per cow 
per year is reduced and, accordingly, so is the sus-
ceptibility to calving risks and postpartum metabolic 
disease (Knight, 2005; Sorensen et al., 2008). It is also 
suggested that fewer calves per cow per year results 
in reduction of number of dry days per cow per year, 
replacement heifers, and feed use, thereby potentially 
lowering greenhouse gas emissions per kilogram of milk 
produced (Lehmann et al., 2014). Furthermore, some 
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economic benefits may exist by extended lactation, 
such as reducing costs per cow regarding mating, calv-
ing, animal health, and cow replacement (Borman et 
al., 2004).

Several studies have, to various degrees, covered milk 
production and compositional aspects in relation to lac-
tation cycle duration (Österman and Bertilsson, 2003; 
Auldist et al., 2007, 2010; Kolver et al., 2007; Sorensen 
et al., 2008; Grainger et al., 2009), but studies on milk 
technological qualities from cows in extended lactation 
are scarce. Auldist et al. (2010) revealed that milk 
produced by Holstein-Friesian cows managed for a 24- 
rather than a 12-mo CInt had superior fat and protein 
concentration, cheesemaking properties, and cheese 
yield. Increased milk solids were also found by Sorensen 
et al. (2008) for Holstein-Friesian cows managed for an 
18-mo CInt; however, those authors observed a decrease 
in the casein-to-protein ratio during the extended lac-
tation period, suggesting that this milk might not be 
as suitable for cheese manufacturing. Bertilsson et al. 
(1997) reported a salty taste in the milk produced by 
cows undergoing extended lactation, drawing attention 
to a possible sensory demerit. Such findings indicate a 
possible decline in the udder epithelial integrity when 
high yield is maintained for longer lactation periods. 
These changes are comparable to what is normally 
observed in milk from cows in late lactation, in which 
concentrations of salts, SCC, serum proteins, and 
proteases derived from both the plasmin-plasminogen 
system and somatic cells increase (Korycha-Dahl et al., 
1983; Grufferty and Fox, 1988; Larsen et al., 2006); this 
may potentially result in increased protein hydrolysis 
as well as impaired cheesemaking and sensory proper-
ties (Lucey and Fox, 1992; Lucey et al., 1992; Auldist 
et al., 1996; Lucey, 1996).

Most of the publications reporting compromised suit-
ability for dairy processing of late-lactation milk date 
back to the 1980s and ‘90s, when cows at dry-off had 
considerably lower yields and high-standard husbandry 
practices and nutritional plans were not customary. 
Thereby, these studies might not reflect management of 
modern high-yielding dairy cows. For instance, recent 
research has underlined the potential of individual over 
group feeding strategies for better attending individual 
energy demands (Bossen and Weisbjerg, 2009). Such a 
strategy has been proposed as a way to better exploit 
the productive potential of high-yielding Holstein cows 
without compromising milk composition. Gaillard et 
al. (2016c) verified that an individual weight-adjusted 
feeding strategy, supplying high-energy density diet in 
early lactation, reduced the magnitude of the mobiliza-
tion period. But, conversely, cows fed by this strategy 
had lower lactation persistency compared with cows fed 
a low-energy diet during the entire extended lactation. 

However, the effect caused by individual feeding strate-
gies on milk quality, with its implications for cheese 
processing, will be addressed in the present study.

Given the limited data on detailed composition and 
characteristics of milk produced during the extended 
lactation period, the aims of the present study were 
(1) to investigate possible changes in milk produced 
during the extended lactation period compared with 
milk produced in mid lactation of cows managed for an 
18-mo CInt, by monitoring indicators related to udder 
integrity, cheesemaking properties, and sensory qual-
ity; and (2) to examine if feeding cows a high-energy 
diet during the early lactation mobilization period 
would exert a carryover effect on milk composition, 
and consequently on cheesemaking properties, in cows 
managed for an 18-mo CInt. We hypothesized that the 
milk quality would be reduced toward the end of the 
extended lactation, with implications on cheesemaking 
properties and sensory quality. In addition, supplying 
a high-energy diet in early lactation would not cause 
long-term changes on milk composition.

MATERIALS AND METHODS

Facilities, Animals, and Feeding Strategy

Sixty-two Danish Holstein cows from the Dan-
ish Cattle Research Centre (DKC, Tjele, Denmark), 
housed in a loose-housing system with slatted floor 
and cubicles with mattresses, and with access to an 
automatic milking unit (AMU; DeLaval AB, Tumba, 
Sweden) were followed from October 2012 to October 
2014. The experiment was approved by The Animal 
Experiments Inspectorate under the Danish Veterinary 
and Food Administration (Glostrup, Denmark).

The cows were blocked according to expected calving 
date and parity and randomly allocated to 2 feeding 
strategies at calving (Gaillard et al., 2016b). In short, 
the high-low energy diet strategy (HD-LD) refers to 
cows that received a 50:50 forage-to-concentrate partial 
mixed ration with a high energy density (HD; 7.81 
MJ of NEL/kg of DM) until they reached at least 42 
d of lactation and a live weight gain ≥0 kg/d on a 5-d 
average, and then individually shifted to a diet with a 
lower energy density (LD, 7.49 MJ of NEL/kg of DM), 
consisting of 60:40 forage-to-concentrate partial mixed 
ration. Cows in the low-low energy diet (LD-LD) were 
fed the LD diet during the whole lactation. Diets were 
formulated using the NorFor model and standards 
(Volden, 2011). For both groups the mixed part of the 
diet was offered individually and ad libitum, and each 
cow was provided 3 kg of concentrate per day at the 
AMU. For detailed information on the feeding experi-
ment and diet composition, see Gaillard et al. (2016b).
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Among the 62 experimental cows, 6 were culled due 
to Escherichia coli infection in mid lactation, 3 had 
clinical mastitis during the trial, and 6 presented non-
coagulating milk (defined below) at first sampling, and 
were thus excluded from further collection. Finally, 
47 cows, 15 primi- and 32 multiparous, that did not 
present clinical mastitis or noncoagulating milk during 
their whole lactations were selected for this study. This 
included 25 cows in the LD-LD group with a mean par-
ity of 1.6, and 22 cows in the HD-LD group with a mean 
parity of 2.2. Insemination occurred at the first heat 
observed after 220 DIM, to achieve an 18-mo CInt. The 
selected cows conceived, on average, 238 d after enter-
ing the experiment at their prior calving and lactated 
for around 465 d, regardless of treatments and parity. 
Finally, the cows were dried off 8 wk before expected 
calving, or if the average milk production dropped be-
low 12 kg of milk/cow per day in 2 subsequent weeks.

A free cow traffic system for access to the AMU was 
used, and all cows had access to the same AMU dur-
ing all the experimental period. Access to AMU was 
restricted for the cows until an expected time and yield 
since last milking had been achieved (Table 1). Milk 
yield was recorded by the AMU for every milking, and 
the records were then used to calculate the daily milk 
yield (kg/d); somatic cells were optically counted by 
an online cell counter (OCC, DeLaval AB) coupled to 
the AMU at each milking. Each week, representative 
milk samples were taken from each cow, over a 48-h 
period, to be analyzed for fat, lactose, and protein 
concentrations by infrared spectroscopy (MilkoScan 
4000, FOSS Analytical, Hillerød, Denmark) at Eurofins 
Laboratories (Holstebro, Denmark). These results were 
used to calculate the ECM (3.14 MJ/kg) according to 
the equation proposed by Sjaunja et al. (1991), with 
ECM and milk yield in kilograms, and fat, protein, and 
lactose in grams per kilogram:

	 ECM = milk yield × (38.3 × fat + 24.2 × protein 	  

+ 15.71 × lactose + 20.7)/3.140.

Milk Composition

For analysis of detailed milk composition, milk indi-
cators of udder integrity, and cheesemaking properties, 
a representative milk sample of 1 L was collected from 
each cow during the first milking occurring after 0500 
h, respecting the rules given in Table 1. Individual 
milk samples were collected 3 times for each cow, at 
the following lactation periods: 140 to 175 DIM (P1), 
280 to 315 DIM (P2), and 385 to 420 DIM (P3). The 
3 lactation periods were defined to represent distinct 
times of an extended lactation cycle. Period 1 was as-
signed to define the period at mid lactation after peak 
production, at a time where no cows were pregnant. 
Period 2 denotes the period when all cows were up to 
10 wk in pregnancy, analogous to the stage when cows 
undergoing a typical 12-mo CInt are dried off. Period 
3 represented the last fifth of the extended lactation 
period when cows were still producing relatively high 
yields of milk, corresponding to 9 ± 3 wk to dry off or 
17 ± 3 wk before next calving.

Milk samples were cooled immediately to 4°C and 
subsequently analyzed for overall milk composition 
(fat, protein, casein, and lactose) using an in house 
Milkoscan FT2 (FOSS Analytical). All samples were 
skimmed to ≤0.1 g of fat/100 g of milk by centrifuga-
tion at 2,643 × g for 30 min at 4°C followed by measure-
ments of pH using a PHM 220 pH meter (RadioMeter, 
Copenhagen, Denmark). Conductivity was assessed via 
a LDM 210 conductivity meter (RadioMeter). Chloride 
concentration in skim milk samples was determined 
using an automated potentiometric titrator (Metrohm 
862, Metrohm, Herisau, Switzerland). Briefly, skim 
milk samples were heated to 40°C in a water bath, gen-
tly mixed, cooled to room temperature, and 10 g were 
transferred to a vessel. The vessels were filled with 80 
mL of demineralized water, with a subsequent addition 
of 10 mL of 4 M HNO3, and then titrated using a stan-
dardized 0.1 M AgNO3 solution against an Ag-Titrode 
(Metrohm).

Level of free amino terminals was determined in 
individual skim milk samples by the fluorescamine 

Table 1. Allowance conditions to the automatic milking unit (AMU)

Days

Condition

Either

 

Or

Hours from last milking Expected milk yield (kg) Manual pick-up1 (h)

0–330 DIM 5 7 15
330 DIM–70 DEC2 8 8 15
70 DEC–drying-off 12 10 20
1If the time from last milking exceeds those values, the cow is conduced to the AMU.
2Days to expected calving.
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method as described by Dalsgaard et al. (2007). The 
method expresses the level of free amino terminals in 
the samples as leucine equivalents (in mM) according 
to a standard curve for leucine. All milk compositional 
analyses were performed in triplicates.

Cheesemaking Properties

Milk coagulation properties were measured using a 
ReoRox4 oscillatory rheometer (MediRox AB, Nykop-
ing, Sweden) by continuous monitoring of the chymo-
sin-induced milk coagulation, as described previously 
(Frederiksen et al., 2011). Individual skim milk samples 
were adjusted to pH 6.50 ± 0.02 by addition of 10% 
(vol/vol) lactic acid before analysis to eliminate the po-
tential effect of differences in milk pH on the coagulation 
process. Subsequently, the samples were preincubated 
in a water bath at 33°C for 30 min before addition of 
0.04 international milk clotting units of ChyMax Ultra 
(Chr. Hansen Laboratories A/S, Hørsholm, Denmark) 
per milliliter of skim milk. Rheological measurements 
were performed at 33°C for 60 min. Rennet coagulation 
time (RCT, in min), maximum gel strength (G′max, 
in Pa), and curd-firming rate (CFR as [∆G′/∆t]lin, in 
Pa/min), where ∆G' is the change in storage modu-
lus and ∆t is the change in time, calculated between 
3 consecutive points of the linear part of the storage 
modulus curve after RCT is achieved, were selected to 
describe the milk coagulation properties (Frederiksen 
et al., 2011).

Wet and dry curd yield was estimated using the 
method by Hurtaud et al. (1995) with minor modifi-
cations. Skim milk samples were heated and kept in 
water bath at 35°C for 1 h. Twenty milliliters of skim 
milk was transferred to 50-mL Falcon tubes (Sarstedt, 
Nümbrect, Germany) and the exact weight of the skim 
milk was noted. Thereafter, samples were placed in 
water bath for 30 min to reach 35°C. Milk coagulation 
was initiated with the addition of 0.04 international 
milk clotting units/mL of milk of ChyMax Ultra (Chr. 
Hansen Laboratories A/S) and immediate stirring by 
vortexing for 3 s without foaming. The samples were 
then placed in a water bath at 35°C for 60 min, and 
subsequently centrifuged at 35°C for 15 min at 2,700 
× g. Thereafter, the whey was discarded from the sam-
ples and the tubes containing the pressed curds were 
weighed and freeze-dried (ScanVac model CoolSafe Pro 
100–4, LaboGene ApS, Lynge, Denmark) to obtain the 
wet and the dry curd weight. The wet curd yield was 
expressed in relation to the amount of skim milk as 
grams of curd per 100 g of milk, and the dry curd yield 
as grams of curd DM per 100 g of milk DM. Further, 
a protein transition number was defined as grams of 

curd DM per 100 g of milk protein. All cheesemaking 
properties analyses were performed in duplicates.

Sensory Analysis

For sensory analysis, milk samples from 6 cows in P1 
and 6 cows in P3 were taken randomly at one occasion, 
and 0.5 L of the collected milk was pasteurized in a 
water bath at 65 ± 2°C for 7 min. Then, the samples 
were cooled in an ice bath and stored at 4°C for 24 h 
before the descriptive sensory analysis. Apart from the 
12 individual milk samples, 2 pooled samples were also 
prepared by mixing the individual milk of the cows 
in P1 and P3, respectively, in equal proportions right 
before the sensory tests.

A trained sensory panel of 8 assessors (6 females and 
2 males between 28 to 58 yr old) was used for sensory 
descriptive analysis. Prior to the sensory evaluation, the 
assessors attended a discussion and a training session 
(2 h each). During discussion and training, the panel 
was introduced to 5 milk samples (2 P1, 2 P3, and 
1 pooled sample) as well as reference samples (whole 
milk, cream, coffee cream, popcorn aroma and flavor, 
cardboard aroma and flavor, and stored flavor) pro-
duced as described by Hedegaard et al. (2006). A list 
of 12 sensory descriptors including aroma (cardboard, 
stored, metallic, and creamy), appearance (color satu-
ration and yellowness), flavor or taste (faded, metallic, 
cardboard, creamy, and sweetness), and mouth feeling 
(creaminess) was agreed upon by the panelists before 
the evaluation.

During training and evaluation, the milk samples 
were randomly served in small plastic beakers with 
lids (Abena A/S, Aabenraa, Denmark) in amounts of 
approximately 50 mL after being kept at 12°C for 1 
h. The sensory evaluation of the 14 milk samples was 
carried out in 3 replicates and in 6 blocks with breaks 
in between them on 2 consecutive days. The attributes 
were evaluated on a 15-cm, nonstructured, continuous 
scale and the ratings directly registered electroni-
cally (Fizz software, 2.30C, Biosystemes, Couternon, 
France). Training and evaluation were conducted in ac-
cordance with the International Organization for Stan-
dardization (ISO, 1993), and carried out in a sensory 
laboratory fulfilling the requirements provided by the 
American Society for Testing and Materials (ASTM, 
1986).

Data Analysis

Lactation curves were produced by smoothing the 
milk yield (as ECM/d) data using the R-package fda 
in the software R, version 3.1.2 (R Development Core 
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Team, 2015), following the procedure described by 
Gaillard et al. (2016c). The spline functions of the fda 
package are constructed by joining polynomials end-to-
end at argument values, called knots (here the knots 
are the DIM). These functions smooth on the integral 
of the squared deviations from an arbitrary differen-
tial operator. In the presented curves, the degree of 
smoothing was adjusted by applying a penalty of 1e+4 
to the second derivatives of polynomials of order 4.

To study the alterations in the milk yield, milk com-
position, milk indicators of udder integrity, and chee-
semaking properties the following linear mixed model 
was used:

	 Yijkl = μ + Pi + Fj + Wk + (PF)ij + (PW)ik 	  

+ (FW)jk + (PFW)ijk + Cl + εijkl, 

where Yijkl is the dependent variable; µ is the overall 
mean; Pi is the effect of parity (i = primi- or multipa-
rous); Fj is the effect of feeding strategy (j = LD-LD or 
HD-LD); Wk is the effect of the lactation period (k = 
P1, P2 or P3); brackets denote the interaction effects; 
Cl is the random cow effect (l = 1,…, 47); and εijkl is 
the model error. The model was fit using the function 
lme of the R-package nlme (Pinheiro et al., 2014). Inter-
action effects not statistically significant were removed 
based on standard F-test. The normality of the model’s 
residuals was verified by both Q-Q plots inspection and 
Shapiro-Wilk test, generated by the R-functions qqplot 
and shapiro.test. The variables SCC, CFR, and wet 
and dry curd yield were transformed to their common 
logarithms before statistical analysis to normalize the 
residuals. Pairwise comparisons (α = 0.05) were per-
formed using the function lsmeans implemented in the 
R-package lsmeans (Lenth and Harvé, 2015).

Pearson correlation between the studied variables 
and their significances (α = 0.01) were generated using 
the R-package corrplot (Wei, 2013), and correlations 
≥−0.50 or ≤0.50 were considered as strong. To evalu-
ate the assessors and sensory differences in the samples 
collected in P1 and P3, Bonferroni least significant 
difference test was performed using the software Pan-
elCheck v. 1.4.0226 (www.PanelCheck.com). The data 
were analyzed using a mixed model 3-way ANOVA 
considering the effects of sample, replicates, and asses-
sor, with the assessor and interaction effects as random 
(Tomic et al., 2009).

RESULTS

Figure 1 illustrates the modeled lactation curves in 
milk yield (as ECM/d) for the 47 selected cows by par-
ity (primiparous or multiparous) and feeding strategy 

(HD-LD or LD-LD). The lactation periods P1, P2, and 
P3 studied in this experiment are highlighted. A clear 
lactation peak was observed for multiparous, in partic-
ular for the HD-LD cows, before the diet shift (average 
shift day at 50 DIM), whereas lactation peak was absent 
in the lactation curves of primiparous, independent of 
diet. Primiparous cows had an overall lower production 
when compared with multiparous cows, but were able 
to keep a relatively constant level of milk production 
(30.9 kg of ECM/d) throughout the lactation periods. 
Multiparous cows had a higher production in P1 (38.2 
kg of ECM/d) in comparison to primiparous cows, but 
they displayed a noticeable drop in milk yield (10.7 kg 
of ECM/d) from P1 to P3 (P < 0.0001), resulting in 
lower yield in P3 compared with primiparous cows. In 
addition, in P3 the milk yield of cows supplied LD-LD 
was higher than the yield of cows supplied HD-LD (P 
< 0.0001), on average 5.5 kg of ECM/d, irrespective of 
parity.

Table 2 shows the effects of lactation period, feed-
ing strategy, and parity on milk compositional traits 
and milk indicators of udder integrity. Lactation pe-
riod significantly influenced lactose, fat, and protein 
concentrations. Fat, protein, and casein concentrations 
progressively increased from P1 to P3, accounting for 
18, 16, and 16% increases, respectively; however, casein-
to-protein ratio decreased from P1 to P2. Lactation 
period did not significantly affect pH, conductivity, free 
amino terminals, or SCC, but chloride concentration 
was higher in P3 when compared with P1 and P2.

The initial feeding strategy significantly affected the 
lactose concentration (Table 2), which was 0.04 g/100 
g lower for cows fed HD-LD in comparison to cows 
fed LD-LD. The interaction between lactation period 
and feeding strategy indicated that changes for lactose 
concentration and milk yield followed the same pattern: 
it progressively reduced from P1 to P3 for HD-LD cows 
(4.81 vs. 4.69 g/100 g of milk), whereas a marginal 
variation was observed for LD-LD cows (4.81 to 4.78 
g/100 g of milk).

Overall, cows fed HD-LD also presented significantly 
higher SCC (31 × 103 cells/mL higher, on average) 
when compared with cows fed LD-LD (Table 2). How-
ever, SCC was affected by the existing interaction be-
tween lactation period and feeding strategy. The SCC 
decreased from P1 to P3 for the LD-LD group (60 to 
128 × 103 cells/mL), whereas no changes were observed 
over the studied periods for the HD-LD group (110 × 
103 cells/mL, on average). Regarding the interaction 
between feeding strategy and parity, the highest SCC 
values were found for the multiparous HD-LD and 
primiparous LD-LD groups (150 and 123 × 103 cells/
mL), and primiparous HD-LD and multiparous LD-LD 
(71 and 72 × 103 cells/mL) presented the lowest levels. 
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Figure 1. Smoothed lactation curves (kg of ECM/d) of primiparous and multiparous Danish Holstein cows managed for an 18-mo calving 
interval and fed distinct diets during the mobilization period in early lactation. Milk analysis for detailed composition and cheesemaking proper-
ties were examined in different lactation periods: P1 (140 to 175 DIM), P2 (280 to 315 DIM), and P3 (385 to 420 DIM), as highlighted. HD-LD 
= high density–low density partial mixed ration; LD-LD = low density–low density partial mixed ration.

Table 2. Least squares means of the composition of milk produced by Danish Holstein cows managed for extended lactation at different 
lactation periods

Parameter1

Lactation period2

SEM

Significance3

P1 P2 P3 Period Feeding Parity

Composition              
  Lactose (g/100 g) 4.81a 4.75b 4.73c 0.01 *** ** NS
  Fat (g/100 g) 3.68c 4.11b 4.35a 0.10 *** NS NS
  Protein (g/100 g) 3.28c 3.62b 3.81a 0.04 *** NS NS
  Casein (g/100 g) 2.53c 2.76b 2.93a 0.03 *** NS NS
  Casein:protein ratio (%) 77.1a 76.3b 76.8ab 0.3 * NS NS
Udder integrity indicators
  pH 6.71 6.72 6.73 0.01 NS NS NS
  Conductivity (mS/cm) 4.71 4.81 4.72 0.06 NS NS NS
  Free amino terminals (mM) 1.09 1.10 1.11 0.03 NS NS NS
  Chloride (mg/L) 875.3b 907.4ab 922.8a 17.3 * NS **
  SCC4 (×103 cells/mL) 102 105 120 18 NS * NS
a–cMeans within a row with different superscripts differ (P < 0.05).
1Free amino terminals expressed as leucine equivalents in mM.
2P1 = 140 to 175 DIM; P2 = 280 to 315 DIM; and P3 = 385 to 420 DIM.
3Interaction effects were not removed from the model for lactose (lactation period × feeding strategy; P = 0.01) and SCC (lactation period × 
feeding strategy, P = 0.02; parity × feeding strategy, P = 0.02).
4Significance based on the common logarithm of SCC.
*P < 0.05; **P < 0.01; ***P < 0.001.
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Parity significantly affected the chloride concentration, 
which was 11% higher for multiparous cows when com-
pared with primiparous cows (Table 2).

The development in cheesemaking properties through 
the 3 studied lactation periods are presented in Figure 
2. Lactation period had a significant effect on rheo-
logical parameters (RCT, CFR, and G′max) and curd 
yields. The RCT was significantly shorter in P3 com-
pared with P1, and around 75% of the sampled milk 
coagulated within 20 min after chymosin addition in 
P3. The CFR increased with lactation period, with a 
major increase from P2 (8.5 ± 0.6 Pa/min) to P3 (11.6 
± 0.6 Pa/min). The G′max was significantly higher in 
P3 (325 ± 19 Pa) when compared with P1 (185 ± 19 
Pa) and P2 (223 ± 19 Pa). A significantly higher wet 
curd yield was observed in P3 (15.82 ± 0.37 g of wet 
curd/100 g of milk) when compared with P2 (14.78 
± 0.36 g of wet curd/100 g of milk) and P1 (12.85 ± 
0.35 g of wet curd/100 g of milk). A similar significant 
increase was also observed in the dry curd yield from 
P1 (3.55 ± 0.67 g of curd DM/100 g of milk DM) to 
P3 (4.17 ± 0.37 g of curd DM/100 g of milk DM). 
However, the transition number remained unchanged 
(~103 g of dry curd/100 g of milk protein) across the 
studied periods.

A correlation heatmap of the analyzed compositional 
and cheesemaking parameters, milk indicators of ud-
der integrity, and milk yield (in kg/d) are presented in 
Figure 3. Milk yield was strongly negatively correlated 
with protein concentration, whereas weak correlations 
were observed with udder integrity and cheesemaking 
parameters. Fat was strongly correlated with dry curd 
yield, protein, casein, G′max, and wet curd yield. Lac-
tose was strongly negatively correlated with chloride 
concentration and strongly positively correlated with 
casein-to-protein ratio. Chloride concentration was also 
strongly correlated with conductivity and pH. Protein 
and casein concentrations were strongly correlated with 
each other and with dry curd yield, wet curd yield, 
G′max, and CFR. Additionally, wet and dry curd yields 
were also strongly correlated with each other, as well as 
with CFR and G’max. Transition number was strongly 
correlated only to dry curd yield. Finally, RCT was 
negatively correlated only with CFR. Free amino ter-
minals and SCC did not significantly correlate with any 
other parameter (P > 0.01) and were not included in 
the plot.

The sensory evaluation of pasteurized whole milk by 
the panelists for the individual and pooled milk samples 
of cows in P1 and P3, and their corresponding grades, 
are presented in Figure 4. The webplot clearly shows 
that milk from the 2 periods is evaluated differently. 
Compared with P3 milk, P1 milk presented higher av-
erage grades for attributes associated with off-flavors; 

cardboard aroma (3.4 vs. 2.0), stored aroma (4.4 vs. 
2.9), faded flavor (6.2 vs. 4.5), and metallic flavor (5.9 
vs. 4.2), although only metallic aroma (3.8 vs. 2.3) and 
cardboard flavor (4.2 vs. 2.3) were graded significantly 
higher. Contrarily, P3 milk had significantly higher 
grades than P1 milk for fat- and protein-related at-
tributes as creamy flavor (7.9 vs. 5.6), creaminess (8.4 
vs. 5.9), and yellowness (9.0 vs. 6.0).

DISCUSSION

A recent publication from Lehmann et al. (2016) has 
shown that managing cows for longer CInt can improve 
farm profitability in commercial herds. The success of 
such management inherently relies on feeding strategies’ 
efficiency, to support lactation persistency (Borman et 
al., 2004). Nevertheless, it is important to address that 
feeding strategies must not have a negative effect on the 
processing and quality of the dairy products. Studies in 
the same experimental herd, from which milk analyzed 
in the current experiment was sourced, have covered 
the effect of early-lactation feeding strategies on the 
reproductive and productive performance of Danish 
Holstein cows managed for extended lactation (Gaillard 
et al., 2016a,b,c). Thus, this work has provided compo-
sitional, sensory, and cheesemaking characteristics of 
milk produced by cows managed for an 18-mo CInt fed 
different diets, aiming to minimize the effects of the 
mobilization period in early lactation.

The observed higher milk production for multipa-
rous cows compared with primiparous is well-known, 
as multiparous cows have a higher energy intake as a 
consequence of a higher DMI (Gaillard et al., 2016b). 
Furthermore, superior lactation persistency for primip-
arous cows compared with multiparous has previously 
been reported for cows undergoing 12-, 15-, or 18-mo 
CInt (Rehn et al., 2000; Österman and Bertilsson, 
2003). The steep decline observed here in milk produc-
tion in the final part of the extended lactation period 
(i.e., 300 to 420 DIM) for multiparous cows diminishes 
the difference in overall production as a result of parity. 
Still, the total milk yield was higher for multiparous 
cows (Gaillard et al., 2016b).

Supplying a high-density diet in early lactation re-
duced the magnitude of the mobilization period (Gail-
lard et al., 2016c). It was expected that the HD-LD 
strategy would promote a carryover effect by increasing 
the milk yield and production persistency throughout 
the extended lactation cycle. This effect was not ob-
served, as cows fed HD-LD had a faster decrease in 
milk yield from P1 to P3, and consequently poorer 
persistency, when compared with the group fed LD-LD 
(Gaillard et al., 2016b). Considering that the DMI was 
the same after and before diet shift in both groups (P 
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> 0.1; Gaillard et al., 2016b), the poorer persistency 
could be a consequence of a negative carryover effect of 
the HD diet, as restricting diet energy after the shift-
ing may lead to decreased mammary cell proliferation 
(Dessauge et al., 2011). The differential reaction to the 
HD-LD and LD-LD feeding strategies observed between 

primiparous cows indicates that those groups were not 
well balanced with respect to milk yield potential (Gail-
lard et al., 2016b).

During extended lactation, fat and protein concentra-
tions in milk are not significantly affected by the level 
of diet energy (Grainger et al., 2009). Additionally, 

Figure 2. Changes in cheesemaking properties across the lactation periods P1 (140 to 175 DIM), P2 (280 to 315 DIM), and P3 (385 to 420 
DIM). RCT = rennet coagulation time; CFR = curd-firming rate; G′max = maximum gel firmness. The box indicates the 25th and the 75th 
percentiles, and the line within the box marks the median. Whiskers indicate the 10th and 90th percentiles and filled circles represent the 5th 
and 95th percentiles. Different letters (a–c) indicate significant differences based on F-test (P < 0.05).
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Auldist et al. (2010) reported few differences in milk 
coagulation properties and cheese yield associated with 
diet energy level. We confirmed that the energy density 
of the diets offered during the mobilization period in 
early lactation did not significantly alter the concentra-
tions of milk fat and protein during extended lactation. 
Moreover, the changes in lactose concentration and 
SCC were not large enough to affect milk quality and 
cheesemaking properties.

Milk became progressively more concentrated in late 
periods of extended lactation (P2 and P3) compared 
with mid lactation (P1), as observed by others (Öster-
man and Bertilsson, 2003; Sorensen et al., 2008; Auld-
ist et al., 2010). Declining milk yield and increasing 
concentrations of milk fat and protein occurring from 
lactation peak to drying off is well-documented (Olori 
et al., 1997; Sorensen et al., 2008), irrespective of lacta-

tion length and pregnancy status (Olori et al., 1997; 
Roche, 2003; Kolver et al., 2007). As the mammary tis-
sue gradually fails to maintain its population of secre-
tory epithelial cells due to cell apoptosis, the capacity of 
secreting milk diminishes and the solid components of 
milk and, consequently, concentrate (Olori et al., 1997; 
Stefanon et al., 2002). This mechanism might serve as 
an explanation to why differences were found between 
milk collected in P1 and P2.

On the other hand, at P3, the previously mentioned 
effect of lactation stage on milk yield and concentration 
of milk solids starts to be attenuated by the effect of 
pregnancy. Considering the fact that in the present ex-
periment conception occurred, on average, at 238 DIM, 
in P2 (280–315 DIM) cows were in the beginning of 
their gestation when the effects of pregnancy on milk 
yield and composition are negligible (Coulon et al., 

Figure 3. Pearson correlation heatmap between the milk composition parameters and cheesemaking properties from milk samples collected 
in the lactation periods studied. Correlations marked with a cross were not significant based on F-test (P > 0.01). RCT = rennet coagulation 
time; CFR = curd-firming rate; G′ max = maximum gel firmness. Color version available online. 
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1995; Olori et al., 1997; Coulon and Pérochon, 1998). 
Further, in P3 (385–420 DIM), cows were undergoing 
mo 4 to 6 of gestation, which most likely ascribes the 
changes noticed when comparing P3 to P2 and further 
to P1, as several authors have reported a noteworthy 
effect of pregnancy on milk yield and solids concentra-
tion from mo 4 to 6 of gestation onwards (Olori et al., 
1997; Coulon and Pérochon, 1998; Roche, 2003). This 
effect of pregnancy on the mammary gland function is 
attributed to both nutrient partition and an increase in 
the blood circulation of fetal-placental hormones as the 
fetus grows larger, although the mechanisms have not 
yet been elucidated (NRC, 2001; Stefanon et al., 2002).

During late and extended lactation, the barrier be-
tween milk and blood is compromised, favoring the 
paracellular transport of blood constituents to milk 
(Athie et al., 1996; Sorensen et al., 2008). Thus, the milk 
produced could present increased proteolytic activity, 
pH, and conductivity due to an increased concentra-
tion of Na+ and Cl− (Nicholas et al., 2002), a higher 
concentration of whey proteins derived from the blood 
serum (Auldist et al., 1995; Stelwagen, 2002; Larsen et 
al., 2006), and an increasing number of somatic cells 
and blood-derived enzymes, including components from 
the plasmin system (Politis, 1996) linked to casein hy-
drolysis and a reduction on the casein-to-protein ratio 
(Sorensen et al., 2008).

The lack of changes from P1 to P3 in SCC, conduc-
tivity, pH, level of free amino terminals, and on the ca-
sein-to-protein ratio suggests that udder integrity is not 

impaired when cows keep moderately high yields. This 
would also avoid situations that trigger an elevation 
in SCC due to incoming agents. Even though milking 
frequency was not increased at the end of the extended 
lactation to maintain SCC and casein-to-protein ratio 
at acceptable levels, as suggested by Sorensen et al. 
(2008), the quality of the milk produced between 385 
and 420 DIM (P3) was at least comparable to the milk 
produced between 140 and 175 DIM (P1). We consider 
that higher production level of the cows in this ex-
periment (see Gaillard et al. 2016b) compared with the 
experiment from Sorensen et al. (2008) could be one of 
the reasons for such differences.

The significant increase in concentration of milk 
chloride in P3 probably relates to a correlated counter-
effect to the decreased lactose concentration in milk, to 
keep its osmotic balance (Shennan and Peaker, 2000). 
Although we did not find evidence to attribute this 
increase to major mammary gland integrity changes, a 
significant correlation between the level of chloride and 
conductivity suggests a slight weakening of the tight 
junctions toward the end of the lactation. Such results 
corroborate with previous findings in which changes in 
milk composition only take place a few days to and 
after dry off (Athie et al., 1996; Capuco et al., 1997), 
when milk yield is considerably reduced.

Compositional changes occurring in milk at late 
lactation are often attributed to impaired cheesemak-
ing properties, such as longer RCT, lower CFR and 
G′max, and reduced cheese yield (Lucey, 1996). Con-
trarily, Ostersen et al. (1997) and Coulon et al. (1998) 
reported that late-lactation milk (323 and 298 DIM) 
coagulated at a faster rate than mid-lactation milk 
(167 and 145 DIM), though in the latter study the gel 
strength was not superior for late-lactation milk despite 
the higher protein concentration. The same trends were 
found from P1 (140–175 DIM) to P2 (280–315 DIM), 
although the highest values for protein concentration, 
CFR, and G′max and the shortest RCT were found at 
the later stage of the extended lactation (P3).

The RCT was negatively correlated with CFR, but 
no association was found for protein concentration, 
casein concentration, curd yield, dry curd yield, and 
transition number, in agreement with previous find-
ings (Wedholm et al., 2006; Frederiksen et al., 2011). 
Although closely related in Danish dairy breeds, CFR 
was previously shown to be more dependent on protein 
concentration whereas RCT was more dependent on 
variations in pH at different lactation stages (Poulsen 
et al., 2015). Protein transition number (in grams of 
curd DM/100 g of milk protein) was not associated 
with any of the studied milk parameters or rheological 
parameters, though in a previous study it was shown 
to improve with increasing the casein-to-protein ratio 

Figure 4. Cobweb plot of the sensory profiles of the milk from cows 
in lactation periods P1 (140 to 175 DIM) and P3 (385 to 420 DIM). 
Intensity scale: 0 (low) to 15 (high). Significant differences based on 
F-test are indicated by symbols: *P < 0.05, **P < 0.01, and ***P < 
0.001.



Journal of Dairy Science Vol. 99 No. 11, 2016

MILK QUALITY AT EXTENDED LACTATION 11

(Wedholm et al., 2006). Besides, we found strong asso-
ciations between the rheological parameters G′max and 
CFR with both wet and dry curd yields, as well as with 
protein and casein concentration. These correlations re-
veal that rheological parameters related to gel develop-
ment and curd yield are more sensitive discriminators 
between lactation periods than RCT. Interestingly, we 
also found superior cheesemaking properties in the late 
period of the extended lactation (P3) when compared 
with mid lactation (P1). Similar findings were reported 
by Auldist et al. (2010), associated with the increasing 
concentration of milk proteins toward the end of lacta-
tion, which consequently improves casein aggregation 
(Guinee et al., 1997).

Elevated protein concentration in cheese milk has 
been suggested to increase the moisture of the final 
cheese, as it leads to the formation of a stiffer curd at 
cutting with a lower ability to rearrange and undergo 
syneresis (Guinee et al., 2006). However, Auldist et al. 
(2010) found similar moisture in cheddar cheese pro-
duced from milk collected at peak and at the last weeks 
of both normal and extended lactation, even though 
the latter milks contained higher protein levels. Our 
findings indicate that the elevated protein concentra-
tion in the later stages of the extended lactation did not 
influence curd moisture or protein transition number. 
This means that proteins were transferred equally well 
into the curd and, at the level of curd formation, ex-
hibited the same water-binding capacity. Even though 
the measurements used in the present study were made 
in skim milk and only represent the early stages of the 
cheese manufacturing, laboratory cheesemaking pro-
cesses have been considered as valid predictors for the 
yield and composition of cheeses produced further at 
the dairy (Hurtaud et al., 1995; Wedholm et al., 2006).

Adjusting the protein level of the cheese milk is a 
common practice at the dairies to enable a standard-
ized time set for curd cutting based on time after rennet 
addition. This can potentially overcome high moisture 
in cheese made with milk containing very high protein 
levels. As consequence, even if the cheese is exclusively 
produced with milk from healthy cows in extended 
lactation, the final curd moisture could be controlled. 
Accordingly, curd firmness could be used as a reference 
for cutting the curd in cheese manufacturing (Auldist 
et al., 2010; Frederiksen et al., 2011).

A principal component analysis plot (not shown) 
revealed that some animals that produced milk with 
constantly higher casein concentration throughout the 
lactation and, accordingly, superior cheesemaking prop-
erties are of great importance for both cheese industry 
and farmers. By increasing the bulk levels of protein 
and changing the protein composition through breeding 
or genomic selection, losses during the cheese manufac-

turing could potentially be reduced. In addition, recent 
work suggested that cows managed for CInt up to 19 
mo were able to produce at least equivalent amounts 
of ECM per feeding day when compared with cows un-
dergoing the traditional 12-mo CInt (Lehmann et al., 
2016). However, further studies on the associations be-
tween protein-related traits driving milks with superior 
cheesemaking parameters, lactation persistency, and 
productive traits of cows managed for extended lacta-
tions are needed to identify individuals with superior 
overall performance.

The differences between the sensory quality of pas-
teurized whole milk produced in P1 and P3 are mainly 
due to fat-related attributes, as the fat concentration of 
the milk collected in P3 was approximately 0.7 g/100 
g higher than in P1. This indicates a clear fat-level 
direction in the sensory results, which was also reported 
by Frøst et al. (2001) when studying the fat perception 
in pasteurized milk. Furthermore, the higher protein 
concentration in late-lactation milk (~0.6 g/100 g) 
may have contributed to the perceived creaminess as 
well. Saltiness, previously signalized by Bertilsson et al. 
(1997) as the only quality deviation in milk collected in 
late extended lactation, was not detected by the sensory 
panel in our study, and hence not included as a sensory 
descriptor. However, Bertilsson et al. (1997) stressed 
that a tendency for salty taste was just noticed in milk 
from cows at low production level (i.e., 10 to 15 kg/d), 
which is well below the average production level of our 
experimental herd. We found no apparent explanation 
for the higher grades for off-flavor related attributes 
for milks from P1, especially for metallic aroma and 
cardboard flavor, as those sensory attributes are linked 
to lipid oxidation (Hedegaard et al., 2006), which is 
not expected here. Therefore, we hypothesized that the 
elevated fat concentration probably masked the percep-
tion of those attributes in extended-lactation milk.

CONCLUSIONS

The present study did not find any evidence to which 
milk produced by healthy high-yielding Holstein cows 
at later stages of an 18-mo CInt would be significantly 
compromised in quality when compared with milk pro-
duced in mid lactation. The increased Cl− concentra-
tion at the late lactation period (385–420 DIM) seemed 
to be related to the concomitant decrease in lactose 
concentration. Other parameters related to impaired 
milk-blood barrier, such as SCC, level of free amino ter-
minals, casein-to-total protein ratio, conductivity, and 
pH remained unchanged when compared with the mid 
lactation period (140–175 DIM). This, in association 
with the increases in protein and casein concentration, 
resulted in superior cheesemaking properties (RCT, 



12 MACIEL ET AL.

Journal of Dairy Science Vol. 99 No. 11, 2016

CFR, G′max, and wet and dry curd yield) at later 
stages of extended lactation (i.e., 280–315 and 385–420 
DIM). Accordingly, late extended-lactation milk did 
not present sensory demerits when compared with mid-
lactation milk. Furthermore, feeding cows either high- 
or low-density diets during the mobilization period in 
early lactation did not exert relevant carryover effect 
on milk composition in the extended lactation period. 
Our results suggest that milk sensory quality and chee-
semaking properties should not be a concern against 
managing high-yielding healthy cows fed nutritionally 
balanced diets to achieve extended lactations.
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