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Abstract
This study aimed to employ the Wood model to fit the lactation curves of milk
yield, milk fat percentage, milk protein percentage, and somatic cell score (SCS)
in Chinese Holstein cows in the Yangtze River Delta region. Based on 104,368
records from Chinese Holstein cows (parities 1-3) in 10 large- and medium-scale
dairy farms in the Yangtze River Delta region, the Wood model was utilized to
fit curves for milk yield, milk fat percentage, milk protein percentage, and milk
SCS data. The results showed that: 1) The milk yield of Chinese Holstein cows
followed a standard lactation curve, while the changes in milk fat percentage,
milk protein percentage, and SCS exhibited an inverted parabolic shape. 2)
The Wood model achieved the highest goodness of fit for milk yield, with values
above 0.98 for all parities, followed by milk SCS, with goodness of fit above 0.93
for all parities, while the goodness of fit for milk fat percentage in all parities
was also above 0.92. 3) The timing of peak milk yield in parities 1 and 2 was
similar to the timing of minimum SCS values, whereas the timing of minimum
milk fat percentage occurred relatively later. 4) The peak milk yield in parity
1 (32.4263 kg/d) was lower than that in parities 2 and 3, while the persistence
of high milk yield (4.98) and milk protein percentage (4.19) was stronger in
parity 1 compared to parities 2 and 3. Based on comprehensive evaluation of all
indicators, it can be concluded that the Wood model is suitable for fitting the
lactation curves of milk yield, milk fat percentage, milk protein percentage, and
milk SCS changes in Chinese Holstein cows in the Yangtze River Delta region.
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Abstract

This study aimed to fit the changing curves of milk yield, milk fat percentage,
milk protein percentage, and milk somatic cell score (SCS) of Chinese Holstein
dairy cows in the Yangtze River Delta using Wood’s model. Based on 104,368
records from Chinese Holstein cows (parities 1–3) across ten medium-to-large-
scale farms in the Yangtze River Delta region, Wood’s model was applied to
curve fitting for milk yield, milk fat percentage, milk protein percentage, and
SCS. The results showed that: (1) The milk yield curve followed a standard
lactation curve, while milk fat percentage, milk protein percentage, and SCS
exhibited inverted parabolic patterns. (2) Wood’s model achieved the highest
goodness of fit for milk yield, with R² values above 0.98 for all parities, followed
by SCS (R² > 0.93 for all parities). The goodness of fit for milk fat percentage
exceeded 0.92 across all parities. (3) The timing of peak milk yield in first and
second parity cows was similar to that of the lowest SCS values, whereas the
minimum milk fat percentage occurred relatively later. (4) The peak milk yield
of first-parity cows (32.4263 kg/d) was lower than that of second- and third-
parity cows; however, first-parity cows demonstrated stronger persistence in
maintaining high milk yield (4.98) and milk protein percentage (4.19) compared
to later parities. Overall, Wood’s model is suitable for fitting the changing curves
of milk yield, milk fat percentage, milk protein percentage, and SCS in Chinese
Holstein dairy cows in the Yangtze River Delta region.

Keywords: Wood’s model; milk yield; milk composition; somatic cell score;
lactation curve; Chinese Holstein dairy cows in Yangtze River Delta

Introduction
The lactation curve describes how milk yield, milk fat percentage, milk protein
percentage, and other traits change with lactation days during the lactation
period. Lactation curve models provide valuable guidance in dairy produc-
tion, offering not only individual animal lactation patterns but also enabling
comparisons between individual and herd lactation periods. These models can
even facilitate early detection of clinical diseases before overt symptoms appear,
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playing a crucial role in milk yield prediction, genetic potential estimation, and
selection. Since Gains [?] first used mathematical models to describe the func-
tional relationship between milk yield and lactation days, numerous studies on
mathematical models of lactation curves have been conducted internationally.
Typical lactation curve models include Wood’s incomplete gamma function
model (Wood’s model), the Wilmink (WIL) model, the inverse polynomial
(IQP) model, and the Ali-Schaeffer (AS) model [?]. For instance, Da Cunha et
al. [?] compared the fitting performance of Wood’s model, Wilmink’s model,
and Dijkstra’s model, while Marek et al. [?] evaluated seven lactation curve
models and found that Wood’s model, Nelder’s model, and Marek-Zelinkova’
s model performed well. Domestic researchers have also extensively studied
dairy cow lactation curves using these models [?]. However, few models are
available for describing changes in milk composition traits such as milk fat and
protein percentages, and research findings have shown considerable variation.
This study employed Wood’s model to fit the changing curves of four major
lactation traits—milk yield, milk fat percentage, milk protein percentage, and
somatic cell score (SCS)—for Chinese Holstein cows from ten farms under Shang-
hai Dairy Cow Breeding Center Co., Ltd. in the Yangtze River Delta region,
quantitatively describing their changing trends to provide a scientific basis for
production management and trait prediction.

Materials and Methods
Data Sources

Data were collected from ten farms in the Yangtze River Delta region between
2014 and 2016, comprising 123,765 Dairy Herd Improvement (DHI) test-day
records (recorded monthly) from Chinese Holstein cows in parities 1–3, pro-
vided by Shanghai Dairy Cow Breeding Center Co., Ltd. To ensure analytical
reliability, incomplete records were excluded, and extreme outliers in milk yield
and milk composition were removed. The DHI data were filtered according to
the following criteria: lactation days 7–336, milk yield 5–60 kg, milk fat per-
centage 2%–7%, milk protein percentage 2%–6%, and somatic cell count (SCC)
1–5 × 10� cells/mL. Given the skewed distribution of SCC, it was transformed
into SCS using the formula: SCS = log�(SCC/100) + 3 [?]. The final dataset
contained 104,368 qualified records. Basic information on the data is presented
in Table 1 .

Lactation Curve Fitting

Wood’s incomplete gamma function was used to fit the changes in milk yield,
milk fat percentage, milk protein percentage, and SCS. The basic model is as
follows [?]:

𝑌𝑡 = 𝑎𝑡𝑏𝑒𝑐𝑡
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where 𝑡 represents lactation week, 𝑌𝑡 represents milk yield, milk fat percentage,
milk protein percentage, or SCS at time 𝑡, and 𝑎, 𝑏, and 𝑐 are model parameters:
𝑎 is the initial value after calving, 𝑏 is the slope parameter for reaching the
peak, and 𝑐 is the slope parameter for the declining phase. When parameter
𝑏 is positive and 𝑐 is negative, the model is suitable for milk yield analysis;
when 𝑏 is negative and 𝑐 is positive, the model is appropriate for fitting milk fat
percentage, milk protein percentage, and SCS. Initial parameter values for curve
fitting were determined based on results from Oloria et al. [?]. The following
secondary parameters were calculated:

• 𝑇max = 𝑏/𝑐: time to peak milk yield
• 𝑇min = 𝑏/𝑐: time to minimum values for milk fat percentage, milk protein

percentage, and SCS
• 𝑌max = 𝑎(𝑏/𝑐)𝑏𝑒−𝑏: peak milk yield
• 𝑌min = 𝑎(𝑏/𝑐)−𝑏𝑒𝑏: minimum values for milk fat percentage, milk protein

percentage, and SCS
• Per = −(𝑏 + 1) ln 𝑐: lactation persistence

Data Analysis

Given the substantial influence of parity on fitting performance, data were fitted
separately for each parity. All milk yield data were initially processed in Excel,
and curve fitting was performed using Matlab. The goodness of fit was evaluated
using the coefficient of determination (𝑅2) and mean square error.

Results
Basic Characteristics of Milk Yield, Milk Fat Percentage, Milk Pro-
tein Percentage, and SCS Curves

The fitted curves for milk yield, milk fat percentage, milk protein percentage,
and SCS in first-, second-, and third-parity Chinese Holstein cows using Wood’
s model are shown in Figures 1 [Figure 1: see original paper], 2 [Figure 2:
see original paper], and 3 [Figure 3: see original paper], respectively. The
test-day milk yield curves exhibited standard lactation patterns, showing an
initial increase followed by a gradual decline. In contrast, the curves for milk
fat percentage, milk protein percentage, and SCS displayed inverted parabolic
patterns, decreasing from initial high values to minimum points before gradually
increasing again.

Fitting Performance and Parameters for Different Parities

The fitting parameters, 𝑅2 values, and mean square errors for milk yield, milk
fat percentage, milk protein percentage, and SCS across parities are presented
in Table 2 . The milk yield curves showed the highest fitting accuracy, with 𝑅2

values exceeding 0.98 for all parities. The SCS curves ranked second, with 𝑅2

values above 0.93 for all parities. For milk fat percentage, 𝑅2 values were 0.96
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for first and second parities and 0.92 for third parity. The 𝑅2 values for milk
protein percentage curves were above 0.88 across all parities.

Analysis of the fitted curves and secondary parameters revealed that first-parity
cows reached peak milk yield latest and had the lowest peak yield but the
strongest persistence. Second- and third-parity cows reached peak milk yield at
8.95 and 8.04 weeks, respectively, with higher peak yields but lower persistence.
For milk fat percentage, second-parity cows reached the minimum value earliest.
For milk protein percentage, all parities reached the minimum around 11 weeks,
with similar persistence values across parities. For SCS, first-parity cows reached
the minimum value latest, while second-parity cows reached it earliest.

Discussion
Comparative Analysis of Lactation Curve Fitting for Different Pari-
ties

This study found that first-parity cows reached peak milk yield at 12.92 weeks
(90 days), while second- and third-parity cows peaked at 8.95 weeks (63 days)
and 8.04 weeks (56 days), respectively. These results are consistent with Mao
et al. [?], who reported peak milk yield times of 9.9 weeks (70 days), 7.4 weeks
(58 days), and 7.6 weeks (53 days) for first, second, and third parities. However,
our findings show later peak times compared to Xiong et al. [?], who reported
peak milk yield at 67, 30, and 33 days for northern Chinese Holstein cows. This
discrepancy may be attributed to differences in feeding environments and milk
recording frequency. The cows in our Yangtze River Delta study were recorded
monthly, potentially missing data points before the lactation peak or capturing
only one record, which could delay the predicted peak time. Regarding lacta-
tion persistence, first-parity cows showed the highest persistence value (4.98),
exceeding that of second- and third-parity cows, consistent with findings by
Friggens et al. [?]. The 𝑅2 values exceeding 0.98 for all parities demonstrate
that Wood’s model provides excellent fit for milk yield curves.

Comparative Analysis of Milk Fat Percentage Curve Fitting

The 𝑅2 values for milk fat percentage curves were 0.96 for first and second
parities but only 0.92 for third parity, indicating that Wood’s model predicts
milk fat percentage more accurately for first- and second-parity cows than for
third-parity cows. Second-parity cows reached the minimum milk fat percentage
earliest (15.65 weeks), while first-parity cows reached it latest (16.47 weeks),
with third-parity cows intermediate. These findings align with those of Zhang
et al. [?] and Luo et al. [?], suggesting that milk fat percentage varies less in first-
parity cows, resulting in better curve fitting, whereas greater variation in second-
parity cows leads to slightly lower accuracy. Overall, with 𝑅2 values above 0.90
for all parities, Wood’s model can be used to predict milk fat percentage trends
in Chinese Holstein cows.
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Comparative Analysis of Milk Protein Percentage Curve Fitting

The 𝑅2 values for milk protein percentage curves were highest for first parity
(0.93), followed by second parity (0.90), and lowest for third parity (0.88), in-
dicating that Wood’s model predicts milk protein percentage most accurately
for first-parity cows and least accurately for third-parity cows. Second-parity
cows reached the minimum milk protein percentage earliest (11.33 weeks), while
third-parity cows reached it latest (11.59 weeks). The fitted curves for all parities
showed a pattern of initial decrease followed by increase—high in early lactation,
gradually declining, then rising again—similar to the pattern described by Steri
et al. [?]. All parities reached the minimum around 11 weeks, which differs from
Xiong et al. [?], who reported minima at 6–8 weeks. This variation may be due
to differences in feeding management across different production environments.

Comparative Analysis of Milk SCS Curve Fitting

The 𝑅2 values for SCS curves exceeded 0.93 for all parities, with relatively small
mean square errors; second-parity cows showed the highest 𝑅2 value (0.97).
These results contrast with findings by Gołębiewski et al. [?] and Mao et al. [?],
who concluded that Wood’s model was unsuitable for fitting SCS and SCC
patterns. The discrepancy may be attributed to our use of large-scale, real-
world production data, which may be more amenable to Wood’s model fitting.

Conclusions
1. Wood’s model provides excellent fit for lactation curves and satisfactory

fit for SCS, milk protein percentage, and milk fat percentage curves in
Chinese Holstein dairy cows.

2. Milk yield follows a standard lactation curve, whereas milk fat percentage,
milk protein percentage, and SCS exhibit inverted parabolic patterns.
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