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Simple Summary: Dairy cattle often become ill after calving. We developed models designed to
predict which cows are likely to become ill based upon measures of the cows’ feeding and competitive
behaviors before calving. Our models had high sensitivity (73–71%), specificity (80–84%), positive
predictive values (73–77%), and negative predictive values (80–80%) for both cows that had previously
calved and for those calving for the first time. We conclude that behaviors at the feed bunk before
calving can predict cows at risk of becoming sick in the weeks after calving.

Abstract: Dairy cattle are particularly susceptible to metritis, hyperketonemia (HYK), and mastitis in
the weeks after calving. These high-prevalence transition diseases adversely affect animal welfare,
milk production, and profitability. Our aim was to use prepartum behavior to predict which cows
have an increased risk of developing these conditions after calving. The behavior of 213 multiparous
and 105 primiparous Holsteins was recorded for approximately three weeks before calving by an
electronic feeding system. Cows were also monitored for signs of metritis, HYK, and mastitis in the
weeks after calving. The data were split using a stratified random method: we used 70% of our data
(hereafter referred to as the “training” dataset) to develop the model and the remaining 30% of data
(i.e., the “test” dataset) to assess the model’s predictive ability. Separate models were developed for
primiparous and multiparous animals. The area under the receiver operating characteristic (ROC)
curve using the test dataset for multiparous cows was 0.83, sensitivity and specificity were 73%
and 80%, positive predictive value (PPV) was 73%, and negative predictive value (NPV) was 80%.
The area under the ROC curve using the test dataset for primiparous cows was 0.86, sensitivity
and specificity were 71% and 84%, PPV was 77%, and NPV was 80%. We conclude that prepartum
behavior can be used to predict cows at risk of metritis, HYK, and mastitis after calving.

Keywords: animal welfare; aggressive interaction; eating behavior; transition period

1. Introduction

During the transition period, defined as ± three weeks around calving [1], dairy cows experience
a number of physiological and environmental challenges [2], and many succumb to ketosis, metritis,
and mastitis [1,3,4]. The percentage of cows affected by ketosis or subclinical ketosis (SCK) ranges
from 11% to 49% during the first two months of lactation [5,6]. The onset of ketosis is associated with a
number of factors, including rapid fetal growth in late pregnancy, high milk yield in early lactation, and
increasing energy demand [7]. If feed intake is insufficient to meet demand, cows will mobilize body
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fat, increasing the risk of ketosis [8–10]. Metritis (uterine inflammation caused by bacterial infection)
affects between 21% and 40% of dairy cattle during the first weeks after calving [11–13]. It generally
occurs shortly after calving, with a higher risk associated with twin birth, stillbirth, dystocia, retained
placenta, and reduced body condition score (BCS) [10,14,15]. Mastitis is caused predominately by
bacterial infection of the udder [16]; the incidence rate of clinical mastitis in Canada has been estimated
to be 23/100 cow years [17].

Each of these conditions is associated with reduced reproductive performance and milk production,
decreased milk quality, and an increased risk of other diseases and culling [18,19]. Metritis and mastitis
are also known to cause pain [20,21]. Developing tools for the early identification of animals at risk of
transition-period diseases may help in prevention and treatment.

Feeding and agonistic behavior can be useful in identifying animals at risk of postpartum diseases.
Reduced feed intake and time spent feeding before calving are associated with metritis [22] and
ketosis [23] after calving. Reduced feed intake is also associated with mastitis [24]. Decreased
agonistic behavior prepartum is associated with increased disease risk postpartum for metritis [22] and
ketosis [23]. Previous research has also shown that ketosis is more likely in over-conditioned cows [25],
which may relate to feeding behavior.

Previous research [24,26,27] has been designed to identify variables associated with diseases. The
current study builds upon these previous works by developing predictive models. Our aim was to
evaluate the odds of dairy cattle developing one or more of three common transition diseases (metritis,
hyperketonemia, or mastitis) during the postpartum period based upon prepartum indicators. In
addition, previous studies have typically used a single category of predictor variables; for instance, one
study [28] evaluated the relationship between lying behavior and transition cow disease, and another
study [26] investigated the relationship between prepartum feeding time and postpartum disease. In
contrast, the current study uses multiple categories, including prepartum feeding behavior, agonistic
behavior, and feed intake, to predict postpartum diseases.

2. Materials and Methods

The study was conducted at the University of British Columbia’s (UBC) Dairy Education and
Research Center in Agassiz, BC. All animal-related procedures were conducted in compliance with
approved animal-care protocols from UBC (A15-0084). This study used the same animals reported in
previous articles [29–32]. After diagnosis with metritis, the animals were treated with either meloxicam
(0.5 mg/kg; Metacam 20-mg/mL solution; Boehringer Ingelheim GmbH, Ingelheim am Rhein, Germany)
or a placebo solution (Boehringer Ingelheim GmbH). Our study was solely concerned with prepartum
predictors of disease, and thus, it was not necessary to account for these treatments in our models.

We enrolled 337 Holstein dairy cows 3 weeks before the expected calving date, of which 232
were multiparous and 105 primiparous (average ± SD parity of 1.8 ± 1.9; range of 0 to 8 lactations).
Cows with a gait score of >3 (scored following [33]) in the week before enrolment were not included.
Nineteen multiparous cows were later excluded due to missing data.

Fresh and dry cows were housed in separate pens, each with 24 freestalls at a stocking density
that did not exceed 20 cows/pen at any given time. The dimensions of the stalls were as follows: 2.6
× 1.2 m, neck rail 1.2 m above stall surface, separated by freestall partitions (Y2K partitions; Artex,
Langley, BC, Canada). Each stall had 5 cm of sand bedding on top of a mattress base (Pasture Mat;
Promat Inc., Woodstock, ON, Canada). Each pen was equipped with 12 Insentec feed bins (Insentec,
Marknesse, The Netherlands) and 2 Insentec water troughs. Three weeks before the expected calving
date, cows were brought to the prepartum pen and, after calving signs were observed, were moved to
the maternity pen. The maternity pen was equipped with 6 Insentec feed bins and a water trough, with
a sawdust-bedded pack for a lying surface. The number of cows in the maternity pen never exceeded 2
at a given time. Cows were moved to the postpartum pen 24 h after calving and monitored for the next
3 weeks. Cows were milked in a double 12 parallel milking parlor twice per day at approximately
07:00 and 17:00 h, with waiting time in the holding area never exceeding 30 min. Cows were fed
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a total mixed ration (TMR) twice a day at approximately 08:00 and 16:00 h (see [32] for additional
information). Feed was formulated [34] to meet or exceed nutrient requirements of a Holstein cow
producing 40 kg/d of 3.5% fat-corrected milk (FCM) and weighing 620 kg.

2.1. Health Assessment

Cows were observed for signs of disease for 21 d after calving. Cows were checked for metritis on
days 3, 6, 9, 12, and 15 after calving. Vaginal discharge was scored based on appearance and smell on a
scale of 0 to 4, as described by [22], where 0 = clear or no mucus; 1 = cloudy mucus, red or brown
mucus, or mucus with flecks of pus and no foul smell; 2 = mucopurulent (≤50% pus present) and
foul-smelling; 3 = purulent (≥50% pus present) and foul-smelling; and 4 = putrid (red or brown color,
watery, foul-smelling). Cows were considered metritic if their vaginal discharge scored 2, 3, or 4 on
at least one occasion. After diagnosis, cows were treated with ceftiofur (2.2 mg/kg of body weight
(BW) (subcutaneous); Excenel RTU sterile suspension, 50 mg/mL as ceftiofur hydrochloride; Zoetis,
Parsippany, NJ, USA) injected once per day after morning milking for 5 consecutive days and checked
for metritis every 3 d until 21 d after calving.

Hyperketonemia (HYK) was diagnosed by farm staff or the herd veterinarian using a milk
beta-hydroxybutyric (BHB) acid test strip result ≥100 µmol/L (KetoTest; Elanco Animal Health, Nagoya,
Japan) when feed intake was low or milk production was reduced. Cows were checked for clinical
mastitis by farm staff twice per day based on udder characteristics (red, swollen, and/or hard) and clots
in milk. Cows that did not get sick with HYK, metritis, or mastitis during this period were recorded as
healthy for analysis. There were 15 lame cows (scoring >3 following [33]). Nine of these did not have
HYK, metritis, or mastitis; these animals were coded as healthy for analysis.

2.2. Behavioral Data Collection

Feeding behaviors (time spent feeding, feed intake, and number of visits) and agonistic behaviors
were automatically recorded by the Insentec electronic feed monitoring system. A visit was recorded
each time the cow arrived at, and left, the feed bunk. Measurements such as the number of meals and
number of visits per meal were calculated from the data derived from the Insentec system using the
criterion developed previously [35]. Agonistic interactions at the feed bunk were detected automatically
using the algorithm (see [36]). Water intake data and agonistic behaviors at the water bins were
collected using the Insentec electronic water monitoring system [37].

2.3. Statistical Analysis

Statistical analysis was performed using SAS (version 9.4; SAS Institute Inc., Cary, NC, USA).
ROC curve figures were generated using SAS and Kolmogorov-Smirnov (KS) figures using Excel
(version 12.0).

2.3.1. Data Preparation

Multiple observations recorded for each cow were averaged for each variable. Data were split
into datasets containing 70% and 30% of observations, according to a stratified random sampling
procedure [38]. The stratification was conducted as follows: cows were first grouped as (1) healthy
(cows that did not get sick during the first 17 days postpartum); (2) having developed 1 condition (either
metritis, HYK, or mastitis) during the first 17 d postpartum; or (3) having developed ≥2 conditions
during the first 17 d postpartum. Each subset of data was then split at the ratio of 70:30. Datasets
containing 70% of the observations were then merged together. The same procedure was applied
to the datasets with 30% of the observations. Each dataset was then divided into primiparous and
multiparous animals, resulting in 4 unique datasets. Following this split, the amount of data contained
in each of the 4 datasets remained approximately 70% or 30%. Multiparous and primiparous cows
were separated due to differences in feed intake, body weight, bins visited per meal, and time spent
feeding. For each parity category, the 70% subset was employed for model development (“training”),
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and the 30% subset was used to test the model’s predictive ability. Data collected from the water bins
were also split 70:30 according to the stratified random sampling procedure described previously.

2.3.2. Descriptive Analysis

The training datasets were used for all model development stages, including the initial descriptive
analysis. All variables with the potential to predict postpartum disease were considered for inclusion.
These variables were feed intake (DMI), time spent eating, number of meals per day, bins visited per
day, lameness, BW, and the number of agonistic interactions during the prepartum period. Agonistic
interactions were defined as any aggressive interactions between individuals, characterized by “actor
behaviors” (in which the subject replaces another cow at the feed bunk) and “reactor behaviors” (in
which the subject is displaced and replaced by another cow at the feed bunk). The distributions of
continuous variables were explored using PROC Univariate, and correlations between these variables
were assessed using PROC Corr. Variables were considered correlated at a Pearson’s r value of ≥0.7,
and this information was later used during the model building phase to avoid multicollinearity.

2.3.3. Model Development

To predict the prevalence of disease, multivariable binary logistic regression models were
developed using the predictors of interest and postpartum disease status as the outcome. Separate
models were developed and tested for both primi- and multiparous cows. Animals were classified as
sick if they were diagnosed postpartum with at least one of the following conditions: metritis, HYK,
and mastitis. Due to the limited number of variables, predictors were not screened at the univariable
level. Univariable models were only used to select among pairs of correlated variables; the variable
most related to the outcome was selected for inclusion in the multivariable models. Variables were
removed from the multivariable models using a manual backwards stepwise process where the least
significant variable was sequentially removed. All relevant two-way interactions were considered.
The final models contained variables meeting the p < 0.05 threshold. In cases where a variable did
not meet the threshold of p < 0.05 but removing it from the model reduced the area under the ROC
curve by 3% or more, we considered the Akaike information criterion (AIC) and Schwarz criterion (SC)
values and conducted a nested −2 log likelihood test with and without the variable of interest. Further,
we conducted ROC contrast tests to assess whether inclusion of that variable statistically improved the
area under the ROC curve. We removed the variable from the model when none of these tests was
significant. Hosmer and Lemeshow Goodness of Fit test (applied with the “lackfit” statement) was
used to assess the model fit. Once the final models were developed using the training dataset, the
same model was applied to the test datasets to assess the predictive ability. Water data were analyzed
employing the same procedure; however, due to the weak predictive ability of the resulting model,
results are reported only in the Supplementary Materials (see Tables S1 and S2).

Odds ratios for feed intake, time spent feeding, and actor behaviors were calculated based on a
1-kg increase in feed intake, a 15 min increase in time spent feeding, and 6 additional actor behaviors,
respectively [22,39]. Odds ratios for prepartum BW, number of bins visited per meal, and number of
different bins visited per day were calculated based on 25 kg of BW, 1 additional bin visited per meal,
and 1 new bin visited per day, respectively.

We explored interactions graphically. To investigate the interaction between feed intake and time
spent feeding for primiparous cows, we conducted additional analyses on the cows in the 25th and
75th percentiles for feed intake. Using PROC logistic, we compared sick and healthy cows within these
subsets based on variables such as time spent feeding, prepartum BW, agonistic interactions, and bins
visited per meal using univariable models.

To better understand the models’ ability to differentiate between sick and healthy animals, using
the test datasets, we extracted the exact probabilities of becoming sick for each animal, as predicted by
the models (using the OUT statement in SAS), and ranked these probabilities from highest to lowest to
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compare the distributions of healthy and sick animals via the Kolmogorov Smirnov (KS) statistic. The
datasets and analysis code are provided in the Supplementary Materials.

3. Results

3.1. Descriptive Statistics

The training dataset for multiparous cows contained 143 animals with mean parity of 2.5 ±
1.8 (SD), including 62 sick animals. Of these, 36 were metritic, 20 had HYK, 16 were mastitic, and
10 animals had a combination of two conditions. The test dataset for multiparous cows contained
70 animals with mean parity of 2.7 ± 1.8 (SD), including 17 cows with metritis, 11 with HYK, and 8
with mastitis; 11 cows had a combination of two conditions.

The training dataset of primiparous cows contained 72 cows—of which 36 were metritic, 3 had
HYK, and 3 were mastitic. Two cows had a combination of diseases. The testing dataset of primiparous
cows contained 33 cows—of which 12 were metritic, 3 had HYK, and none were mastitic. One cow
had two of the conditions. Table 1 shows the descriptive statistics for variables that were retained in
the models developed for multi- and primiparous cows.

Table 1. Mean and SD of significant variables, shown separately for multiparous and primiparous
cows, and by health status postpartum (i.e., healthy 1 or sick 2 with metritis, hyperketonemia (HYK), or
mastitis). The data are for the combined training 3 and testing 4 datasets

Variable Name Healthy Sick

Mean SD Mean SD
Multiparous cows

DMI (kg) 33.0 4.26 30.0 5.47
BW (kg) 794.2 74.34 822.3 73.57

Actor Behaviors during prepartum period 15.9 7.03 17.0 6.26
No. of different bins visited per day 11.0 0.70 10.9 0.80

No. of bins visited per meal 4.3 1.08 4.4 1.02
Primiparous cows

DMI (kg) 28.8 2.75 27.2 3.54
Time spent feeding (min) 210.6 25.45 201.5 31.97

No. of bins visited per meal 4.8 0.87 5.2 0.76
1 Cows that did not develop ketosis, metritis, and/or mastitis during the postpartum period. 2 Cows that became sick
with at least one disease (ketosis, metritis, or mastitis) during the postpartum period. 3 Dataset that was employed
for developing the model. 4 Dataset that was employed for testing the model. BW: body weight. DMI: feed intake.

3.2. Model Results

There was no lack of fit in the models developed for multiparous (p = 0.53) or primiparous
(p = 0.42) cows.

For multiparous cows, higher prepartum BW and involvement in additional actor behaviors
increased the odds of postpartum disease (Table 2). We found interactions between DMI and bins
visited/day and between bins visited/day and bins visited/meal. In reference to the first interaction,
when bins visited/day was low, a high feed intake improved the odds of remaining healthy; however,
when the bins visited/day was high, feed intake did not influence the odds of disease. The second
interaction was a crossover: increased bin visits/day was protective against becoming ill but only if the
number of bins/meal was high.
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Table 2. Results from the multivariable models, separately for multiparous and primiparous cows.
Estimates of slope, SE, p-value, odds ratio (OR), and 95% confidence interval (CI) are reported. Odds
ratios for kg DMI, BW, actor behavior, bins visited/day, bins visited/meal, and time spent feeding are
calculated based on units of 1 kg DMI, 25 kg BW, 6 actor behaviors, 1 bin visited/day, 1 bin visited/meal,
and 15 min time spent feeding, respectively.

Variable Name Slope SE P-Value OR (95% CI)

Multiparous cows

Kg of feed intake −0.143 0.066 0.04 1

BW prepartum 0.011 0.003 <0.01 1.31 (1.10–1.55)
Actor behavior 0.151 0.043 <0.01 2.47 (1.48–4.13)

Different bins visited per day −3.354 0.930 <0.01 1

Bins visited per meal 0.614 0.273 0.03 1

Kg of feed intake * Different bins visited per day 0.279 0.092 <0.01 0.72 (0.61–0.85) 2

Bins visited per meal * Different bins visited per
day −2.020 0.543 <0.01 7.83(2.74–22.39) 3

Primiparous cows

Time spent feeding in min −0.211 0.098 0.03 1

Kg of feed intake −1.641 0.738 0.03 1

Bins visited per meal 0.861 0.379 0.02 2.37 (1.13–4.97)
Time spent feeding in min * Kg of feed intake 0.008 0.004 0.04 0.77 (0.60–0.99) 4

1 Presence of interactions precludes computation of main-effects odds ratios. 2 Odds ratio was calculated based
upon a 1-unit (kg) increase in feed intake when the number of different bins visited per day was 10.5 (25th percentile
of different bins visited per day). 3 Odds ratio was calculated for 1 additional bin visited per meal when number of
different bins visited per day was 10.5 (25th percentile of different bins visited per day). 4 Odds ratio calculated for
an increase in every 15 min of time spent feeding when feed intake was 26.4 Kg (25th percentile of feed intake).

For primiparous cows, the odds of becoming sick postpartum increased as the number of
prepartum bin visits per meal increased. We found an interaction between time spent feeding and feed
intake. In this case, increased time spent feeding was protective against becoming sick but only when
feed intake was low (see Figure 1A). In contrast, the probability of becoming sick increased as time
spent feeding increased in cows that had high feed intakes (see Figure 1B). To better understand why
this may be happening, we evaluated the 25% cows with the highest feed intakes. Cows that were sick
spent more time feeding (p = 0.04) and were replaced numerically more often from the feed bunk by
other cows (p = 0.09) compared to those that remained healthy. Cows that became sick also visited
more bins per meal (p = 0.05). We also evaluated the quartile of cows that spent the least amount of
time feeding; for these cows, the only predictor of sickness was a reduced feed intake (p = 0.03).

Predictive Ability of the Models

The logistic regression models predicted the development of postpartum disease for both multi-
and primiparous cows. The areas under the ROC curves for the training and test datasets in multiparous
cows were 83.5% and 83.4%, respectively (Figure 2A,B). The sensitivity and specificity of the model in
the training dataset were 66.1% and 81.3%, respectively; the positive predictive value (PPV) was 73.2%,
and the negative predictive value (NPV) was 75.6%. For the test dataset, sensitivity and specificity
were 73.3% and 80.0%, respectively, and PPV and NPV were 73.3% and 80.0%, respectively. The overall
accuracy of the model in the training and test datasets were 74.8% and 77.1%, respectively.
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Figure 1. Panel (A) shows the predicted probabilities for postpartum disease in primiparous animals
on the Y-axis and feed intake on the X-axis. The solid blue line represents a primiparous cow that spent
185 min feeding (i.e., the 25th percentile), and the red line represents a primiparous cow that spent
222 min of feeding (i.e., the 75th percentile). Panel (B) shows the predicted probabilities for postpartum
disease in primiparous animals on the Y-axis and time spent feeding on the X-axis. The solid blue line
represents a primiparous cow that consumed 26.6 kg of feed (i.e., the 25th percentile), and the red line
represents a primiparous cow that consumed 30.3 kg (i.e., the 75th percentile). For both panels, the
variable bins per meal was held constant at the mean value of 5.02.
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Figure 2. Receiver operating characteristic (ROC) curves for the logistic regression models shown
separately for (A) the training dataset for multiparous cows, (B) the test dataset for multiparous cows,
(C) the training dataset for primiparous cows, and (D) the test dataset for primiparous cows.

The areas under the ROC curves for the training and test datasets in primiparous cows were
75.2% and 85.7%, respectively (Figure 2C,D). The sensitivity and specificity of the model in the training
dataset were 75.0% and 56.3%, respectively. The PPV of the model using the training dataset was
68.2%, and NPV was 64.3%. For the test dataset, sensitivity and specificity were 71.4% and 84.2%, and
the PPV and NPV were 76.9% and 80.0%. The overall accuracy of the model in the training and the test
datasets were 67.1% and 78.8%, respectively.

The ability of the model to separate healthy and sick multiparous cows in the test dataset is
illustrated using KS statistics (Figure 3A). For example, the first decile (representing the top 10% of
animals at risk of becoming ill) includes approximately 16.7% of sick animals and 5.0% of healthy
animals. The maximum separation point between the cumulative percentage of sick and healthy
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animals is found at the 6th decile; this maximum separation point thus accounts for 60% of all animals
(including 96.7% of sick animals). Similarly, Figure 3B visually shows the ability of the model to
separate healthy and sick primiparous cows in the test dataset using KS statistics. The maximum
separation point between the cumulative percentage of sick and healthy animals is found at the
3rd decile; this maximum separation point thus accounts for 30% of all animals (including 64.3% of
sick animals).
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Figure 3. These Kolmogorov Smirnov (KS) graphs for multiparous (A) and primiparous (B) cows,
calculated based upon the individual predicted probabilities of the logistic regression model. The
blue lines and red lines indicate the cumulative percentage of sick 1 and healthy 2 cows in each decile,
and the yellow lines represent the associated KS statistic (calculated as the difference between the
cumulative percentages). 1 Cows that became sick with at least one disease (ketosis, metritis, or mastitis)
during the postpartum period. 2 Cows that did not develop ketosis, metritis, or mastitis during the
postpartum period.
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4. Discussion

Previous research has examined the association between feeding behavior and transition-period
diseases. For example, reduced feed intake is associated with mastitis, ketosis, and metritis [24,40,41].
Similarly, eating time is associated with mastitis [42], ketosis [43], and metritis [22,44]. Previous work
has also shown that cows that engaged in fewer agonistic interactions during the prepartum period
were more likely to develop metritis [22] and ketosis [23] during the postpartum period. Moreover,
cows that developed metritis postpartum were displaced from the feed bunk more often and displaced
other cows less frequently during the prepartum period [27]. Cows later diagnosed with mastitis also
engaged in fewer replacements from the feed bunk during the five days before diagnosis [24].

In contrast to the associative focus of previous studies, the current study specifically examined
the predictive power of these measures in identifying animals likely to succumb to these ailments. Our
results show that animals at risk of becoming sick postpartum can be identified with a reasonable degree
of success (area under the ROC curve: 0.83–0.86). Multiparous cows that became sick postpartum
were involved in a higher number of agonistic interactions. Cows that ate more feed and visited more
bins per day had greater odds of remaining healthy postpartum, although an interaction revealed
that a higher feed consumption (compared to increased visits to different bins visits per day) made
a more substantive contribution to the odds of remaining healthy. Moreover, an increased number
of bins visited per meal was only protective against postpartum disease if the number of different
bins visited/day was low. Primiparous cows that became sick visited more bins per meal, potentially
because they were replaced more often. The interaction between time spent feeding and feed intake
revealed that, when feed intake was low, increased time spent feeding improved the odds of an animal
remaining healthy postpartum. The only result in our study that disagreed with previous findings was
the higher number of agonistic interactions in multiparous cows that became sick; earlier work has
shown the opposite [22–24]. We suggest that the relationship in the current study was influenced by
BW, as cows that became sick had higher BW compared to those that remained healthy, and increased
BW is associated with social dominance in cows [45].

The use of predictive analysis is common in human medical literature. A systematic review
article [46] reported results from 18 papers (using train-test splits or bootstrapping techniques)—of
which 11 used predictive logistic regression to detect prediabetic patients. Areas under the ROC curves
in these models ranged from 69–75%, and the reported sensitivity and specificity ranged from 72.1–78%
and 52–57%, respectively. Another systematic review [47] examined 71 papers (of which 41% divided
their data into train-test or train-validation sets, 35% used cross-validation, 1.4% used bootstrapping,
12.6% used random splitting, and 10% used some form of external validation) to compare logistic
regression with machine learning for clinical prediction models; the area under the ROC curve ranged
from 52% to 99%, and the study found no evidence that algorithms based on machine learning resulted
in improved predictions compared to logistic regression.

The use of predictive analysis is also gaining traction in dairy science. A recently published
study [48] used logistic regression applying a 10-fold cross-validation technique to detect lameness,
resulting in an area under the ROC curve of 94%. Another study [49] fitted logistic regression models
to predict lameness incidences in subsequent lactation using the data collected at the cessation of
lactation. The area covered by the ROC curve was 77%, and overall accuracy of the model was reported
as 74%. Compared to the models reported in both human health and dairy science sectors, our models
achieved similar predictive success, with ROC curve values ranging from approximately 83–86%, PPV
of 73–76%, and NPV of 80–80% (for multiparous and primiparous animals, respectively).

Preventing diseases in dairy cattle is important, as metritis [21] and mastitis [50] are painful
conditions, and transition diseases impose substantial costs upon the farm. The cost per case of
hyperketonemia (HYK) is estimated to be $117 USD [51]. The cost per case of mastitis is estimated to
reach €198 [52], and the cost per case of metritis is estimated to be $106 USD [53]. According to our
model, the 60% of multiparous cows with the highest probability of becoming ill postpartum (based
upon prepartum indicators) will include approximately 97% of the cows that will actually become sick.
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The ability to predict which cows are at the highest risk of becoming sick offers farmers an opportunity
to prevent these sicknesses from occurring.

A practical limitation to applying these models is the difficulty that producers face in obtaining
behavioral measurements. Automation of data collection of the variables considered here could be
achieved by installing automatic feed bins, but these may not be practical for many farmers. More
economical alternatives could include the use of sensors to monitor rumination or water intake (as
fewer drinking spaces are required per cow). Unfortunately, the model developed from the water data
had a poor ability to detect cows at high risk of becoming sick during the postpartum period, as shown
in the Supplementary Information.

The KS analysis provides a statistical cutoff that may be useful in deciding which animals to treat,
but the biological significance of this threshold needs to be validated. Moreover, our data address
three major transition diseases, but the model does not determine which of these diseases each at-risk
animal is likely to get; more data are required in order to disentangle these diseases. The practical
implications of our model must also be examined prior to commercial applicability. For example, the
KS graph for primiparous animals shows that, at the maximum separation point, 64% of sick cows are
accurately detected, and 5% of healthy cows are misclassified as sick. This maximum separation point
may be statistically meaningful, but cutoff points at other deciles could prove to be more cost-effective
or practical to implement.

5. Conclusions

We developed models to predict postpartum disease in multiparous and primiparous dairy cows
based upon measures of behavior before calving. Multiparous cows with increased BW and more actor
behaviors were more likely to succumb to metritis, HYK, and mastitis postpartum. We also uncovered
interactions between feed intake, different bins visited/day, and the number of bins visited/meal.
For primiparous cows, key predictors of disease were more bins visited per meal and an interaction
between feed intake and time spent feeding during the prepartum period, where increased time spent
feeding was protective against becoming sick when the feed intake was low, and the probability of
becoming sick increased as time spent feeding increased when feed intake was high. Predictive models
successfully distinguished the majority of the sick animals from healthy animals. We conclude that
prepartum behaviors can be used to predict animals at risk of transition cow diseases, improving our
capacity for prevention and treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/6/928/s1:
Table S1. Results from the multivariable model assessing water intake data for multi- and primiparous cows
combined. Table S2. Results pertaining to the predictive ability of the model reported in Table S1 are shown.
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SAS code used for analysis, can be accessed at http://doi.org/10.5281/zenodo.3785722.

Author Contributions: Conceptualization, D.M.W. and M.A.G.v.K.; formal analysis, M.W.S., A.B., and D.M.W.;
writing—original draft preparation, M.W.S. and A.B.; writing—review and editing, M.W.S., A.B., D.M.W., and
M.A.G.v.K.; supervision, A.B., D.M.W., and M.A.G.v.K; and funding acquisition, D.M.W. and M.A.G.v.K. All
authors have read and agreed to the published version of the manuscript.

Funding: General funding for the Animal Welfare Program was provided to M.A.G.v.K. and D.M.W. by the
Natural Science and Engineering Research Council’s Research Chair in Dairy Cattle Welfare, together with our
industrial partners: the Dairy Farmers of Canada (Ottawa, ON, Canada), Saputo Inc. (Montreal, QC, Canada),
British Columbia Dairy Association (Burnaby, BC Canada), Alberta Milk (Edmonton, AB, Canada), Intervet
Canada Corporation (Kirkland, QC, Canada), Boehringer Ingelheim Animal Health (Burlington, ON, Canada),
BC Cattle Industry Development Fund (Kamloops, BC, Canada), The Semex Alliance (Guelph, ON, Canada),
Lactanet (Sainte-Anne-de-Bellevue, QC, Canada), Dairy Farmers of Manitoba (Winnipeg, MB, Canada), and the
Saskatchewan Milk Marketing Board (Regina, SK, Canada).

Acknowledgments: We thank Heather Neave, Julia Lomb, and Julie Huzzey (UBC) for collecting the data used
for this analysis.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

http://www.mdpi.com/2076-2615/10/6/928/s1
http://doi.org/10.5281/zenodo.3785722


Animals 2020, 10, 928 13 of 15

References

1. LeBlanc, S. Monitoring metabolic health of dairy cattle in the transition period. J. Reprod. Develop. 2010, 56,
S29–S35. [CrossRef]

2. Drackley, J.K. Biology of dairy cows during the transition period: The final frontier? J. Dairy Sci. 1999, 82,
2259–2273. [CrossRef]

3. Goff, J.P.; Horst, R.L. Physiological changes at parturition and their relationship to metabolic disorders.
J. Dairy Sci. 1997, 80, 1260–1268. [CrossRef]

4. Spears, J.W.; Weiss, W.P. Role of antioxidants and trace elements in health and immunity of transition dairy
cows. Vet. J. 2008, 176, 70–76. [CrossRef] [PubMed]

5. Berge, A.C.; Vertenten, G. A field study to determine the prevalence, dairy herd management systems, and
fresh cow clinical conditions associated with ketosis in western European dairy herds. J. Dairy Sci. 2014, 97,
2145–2154. [CrossRef] [PubMed]

6. Suthar, V.S.; Canelas-Raposo, J.; Deniz, A.; Heuwieser, W. Prevalence of subclinical ketosis and relationships
with postpartum diseases in European dairy cows. J. Dairy Sci. 2013, 96, 2925–2938. [CrossRef] [PubMed]

7. Mann, S.; McArt, J.; Abuelo, A. Production-related metabolic disorders of cattle: Ketosis, milk fever and
grass staggers. In Practice 2019, 41, 205–219. [CrossRef]

8. Duffield, T. Subclinical ketosis in lactating dairy cattle. Vet. Clin. N AM-Food A 2000, 16, 231–253. [CrossRef]
9. McArt, J.A.A.; Nydam, D.V.; Oetzel, G.R. Epidemiology of subclinical ketosis in early lactation dairy cattle. J.

Dairy Sci. 2012, 95, 5056–5066. [CrossRef]
10. Vanholder, T.; Papen, J.; Bemers, R.; Vertenten, G.; Berge, A.C.B. Risk factors for subclinical and clinical

ketosis and association with production parameters in dairy cows in the Netherlands. J. Dairy Sci. 2015, 98,
880–888. [CrossRef]

11. Genís, S.; Cerri, R.L.; Bach, À.; Silper, B.F.; Baylao, M.; Denis-Robichaud, J.; Arís, A. Pre-calving intravaginal
administration of lactic acid bacteria reduces metritis prevalence and regulates blood neutrophil gene
expression after calving in dairy cattle. Frontiers Vet. Sci. 2018, 5, 135. [CrossRef] [PubMed]

12. Martinez, J.; Thibier, M. Reproductive disorders in dairy cattle: I. Respective influence of herds, seasons,
milk yield and parity. Theriogenology 1984, 21, 569–581. [CrossRef]

13. Zwald, N.R.; Weigel, K.A.; Chang, Y.M.; Welper, R.D.; Clay, J.S. Genetic selection for health traits using
producer-recorded data. I. Incidence rates, heritability estimates, and sire breeding values. J. Dairy Sci. 2004,
87, 4287–4294. [CrossRef]

14. Bruun, J.; Ersbøll, A.K.; Alban, L. Risk factors for metritis in Danish dairy cows. Prev. Vet. Med. 2002, 54,
179–190. [CrossRef]

15. Dubuc, J.; Duffield, T.F.; Leslie, K.E.; Walton, J.S.; LeBlanc, S.J. Risk factors for postpartum uterine diseases in
dairy cows. J. Dairy Sci. 2010, 93, 5764–5771. [CrossRef] [PubMed]

16. Hosseinzadeh, S.; Saei, H.D. Staphylococcal species associated with bovine mastitis in the North West of
Iran: Emerging of coagulase-negative staphylococci. Int. J. Vet. Sci. Med. 2014, 2, 27–34. [CrossRef]

17. Olde Riekerink, R.; Barkema, H.W.; Kelton, D.F.; Scholl, D.T. Incidence rate of clinical mastitis on Canadian
dairy farms. J. Dairy Sci. 2008, 91, 1366–1377. [CrossRef]

18. Esposito, G.; Irons, P.C.; Webb, E.C.; Chapwanya, A. Interactions between negative energy balance, metabolic
diseases, uterine health and immune response in transition dairy cows. Anim. Repro. Sci. 2014, 144, 60–71.
[CrossRef]

19. Halasa, T.; Huijps, K.; Østerås, O.; Hogeveen, H. Economic effects of bovine mastitis and mastitis management:
A review. Vet. Quart. 2007, 29, 18–31. [CrossRef]

20. Medrano-Galarza, C.; Gibbons, J.; Wagner, S.; de Passillé, A.M.; Rushen, J. Behavioral changes in dairy cows
with mastitis. J. Dairy Sci. 2012, 95, 6994–7002. [CrossRef]

21. Stojkov, J.; von Keyserlingk, M.A.G.; Marchant-Forde, J.N.; Weary, D.M. Assessment of visceral pain
associated with metritis in dairy cows. J. Dairy Sci. 2015, 98, 5352–5361. [CrossRef] [PubMed]

22. Huzzey, J.M.; Veira, D.M.; Weary, D.M.; von Keyserlingk, M.A.G. Prepartum behavior and dry matter intake
identify dairy cows at risk for metritis. J. Dairy Sci. 2007, 90, 3220–3233. [CrossRef] [PubMed]

23. Goldhawk, C.; Chapinal, N.; Veira, D.M.; Weary, D.M.; von Keyserlingk, M.A.G. Prepartum feeding behavior
is an early indicator of subclinical ketosis. J. Dairy Sci. 2009, 92, 4971–4977. [CrossRef] [PubMed]

http://dx.doi.org/10.1262/jrd.1056S29
http://dx.doi.org/10.3168/jds.S0022-0302(99)75474-3
http://dx.doi.org/10.3168/jds.S0022-0302(97)76055-7
http://dx.doi.org/10.1016/j.tvjl.2007.12.015
http://www.ncbi.nlm.nih.gov/pubmed/18325801
http://dx.doi.org/10.3168/jds.2013-7163
http://www.ncbi.nlm.nih.gov/pubmed/24534510
http://dx.doi.org/10.3168/jds.2012-6035
http://www.ncbi.nlm.nih.gov/pubmed/23497997
http://dx.doi.org/10.1136/inp.l3041
http://dx.doi.org/10.1016/S0749-0720(15)30103-1
http://dx.doi.org/10.3168/jds.2012-5443
http://dx.doi.org/10.3168/jds.2014-8362
http://dx.doi.org/10.3389/fvets.2018.00135
http://www.ncbi.nlm.nih.gov/pubmed/29977896
http://dx.doi.org/10.1016/0093-691X(84)90442-4
http://dx.doi.org/10.3168/jds.S0022-0302(04)73573-0
http://dx.doi.org/10.1016/S0167-5877(02)00026-0
http://dx.doi.org/10.3168/jds.2010-3429
http://www.ncbi.nlm.nih.gov/pubmed/21094748
http://dx.doi.org/10.1016/j.ijvsm.2014.02.001
http://dx.doi.org/10.3168/jds.2007-0757
http://dx.doi.org/10.1016/j.anireprosci.2013.11.007
http://dx.doi.org/10.1080/01652176.2007.9695224
http://dx.doi.org/10.3168/jds.2011-5247
http://dx.doi.org/10.3168/jds.2014-9296
http://www.ncbi.nlm.nih.gov/pubmed/26074240
http://dx.doi.org/10.3168/jds.2006-807
http://www.ncbi.nlm.nih.gov/pubmed/17582105
http://dx.doi.org/10.3168/jds.2009-2242
http://www.ncbi.nlm.nih.gov/pubmed/19762814


Animals 2020, 10, 928 14 of 15

24. Sepúlveda-Varas, P.; Proudfoot, K.L.; Weary, D.M.; von Keyserlingk, M.A.G. Changes in behaviour of dairy
cows with clinical mastitis. Appl. Anim. Behav. Sci. 2016, 175, 8–13. [CrossRef]

25. Ingvartsen, K.L.; Dewhurst, R.J.; Friggens, N.C. On the relationship between lactational performance and
health: Is it yield or metabolic imbalance that cause production diseases in dairy cattle? A position paper.
Lives. Prod. Sci. 2003, 83, 277–308. [CrossRef]

26. Luchterhand, K.M.; Silva, P.R.B.; Chebel, R.C.; Endres, M.I. Association between prepartum feeding behavior
and periparturient health disorders in dairy cows. Front. Vet. Sci. 2016, 3, 65. [CrossRef]

27. Patbandha, T.K.; Mohanty, T.K.; Layek, S.S.; Kumaresan, A.; Behera, K. Application of pre-partum feeding
and social behaviour in predicting risk of developing metritis in crossbred cows. Appl. Anim. Behav. Sci.
2012, 139, 10–17. [CrossRef]

28. Sepúlveda-Varas, P.; Weary, D.M.; von Keyserlingk, M.A.G. Lying behavior and postpartum health status in
grazing dairy cows. J. Dairy Sci. 2014, 97, 6334–6343. [CrossRef]

29. Lomb, J.; Neave, H.W.; Weary, D.M.; LeBlanc, S.J.; Huzzey, J.M.; von Keyserlingk, M.A.G. Changes in
feeding, social, and lying behaviors in dairy cows with metritis following treatment with a nonsteroidal
anti-inflammatory drug as adjunctive treatment to an antimicrobial. J. Dairy Sci. 2018a, 101, 4400–4411.
[CrossRef]

30. Lomb, J.; Weary, D.M.; Mills, K.E.; von Keyserlingk, M.A.G. Effects of metritis on stall use and social behavior
at the lying stall. J. Dairy Sci. 2018b, 101, 7471–7479. [CrossRef]

31. Neave, H.W.; Lomb, J.; Weary, D.M.; LeBlanc, S.J.; Huzzey, J.M.; von Keyserlingk, M.A.G. Behavioral changes
before metritis diagnosis in dairy cows. J. Dairy Sci. 2018, 101, 4388–4399. [CrossRef] [PubMed]

32. Neave, H.W.; Lomb, J.; von Keyserlingk, M.A.G.; Behnam-Shabahang, A.; Weary, D.M. Parity differences in
the behavior of transition dairy cows. J. Dairy Sci. 2017, 100, 548–561. [CrossRef] [PubMed]

33. Flower, F.C.; Weary, D.M. Effect of hoof pathologies on subjective assessments of dairy cow gait. J. Dairy Sci.
2006, 89, 139–146. [CrossRef]

34. NRC. Nutrient Requirements of Dairy Cattle, 7th rev. ed.; National Academies Press: Washington, DC,
USA, 2001.

35. Proudfoot, K.L.; Veira, D.M.; Weary, D.M.; von Keyserlingk, M.A.G. Competition at the feed bunk changes the
feeding, standing, and social behavior of transition dairy cows. J. Dairy Sci. 2009, 92, 3116–3123. [CrossRef]
[PubMed]

36. Huzzey, J.M.; Weary, D.M.; Tiau, B.Y.F.; von Keyserlingk, M.A.G. Automatic detection of social competition
using an electronic feeding system. J. Dairy Sci. 2014, 97, 2953–2958. [CrossRef] [PubMed]

37. McDonald, P.V.; von Keyserlingk, M.A.G.; Weary, D.M. Hot weather increases competition between dairy
cows at the drinker. J. Dairy Sci. 2020, 103, 3447–3458. [CrossRef] [PubMed]

38. Lee, L.C.; Liong, C.Y.; Jemain, A.A. Validity of the best practice in splitting data for hold-out validation
strategy as performed on the ink strokes in the context of forensic science. Microchem. J. 2018, 139, 125–133.
[CrossRef]

39. Sahar, M.W.; Beaver, A.; Weary, D.M.; von Keyserlingk, M.A.G. Feeding behavior and agonistic interactions
at the feed bunk are associated with hyperketonemia and metritis diagnosis in dairy cattle. J. Dairy Sci. 2020,
103, 783–790. [CrossRef] [PubMed]

40. Hammon, D.; Evjen, I.M.; Dhiman, T.R.; Goff, J.P.; Walters, J.L. Neutrophil function and energy status in
Holstein cows with uterine health disorders. Vet. Immunol. Immunop. 2006, 113, 21–29. [CrossRef] [PubMed]

41. Veenhuizen, J.J.; Drackley, J.K.; Richard, M.J.; Sanderson, T.P.; Miller, L.D.; Young, J.W. Metabolic changes in
blood and liver during development and early treatment of experimental fatty liver and ketosis in cows1.
J. Dairy Sci. 1991, 74, 4238–4253. [CrossRef]

42. Siivonen, J.; Taponen, S.; Hovinen, M.; Pastell, M.; Lensink, B.J.; Pyörälä, S.; Hänninen, L. Impact of acute
clinical mastitis on cow behaviour. Appl. Anim. Behav. Sci. 2011, 132, 101–106. [CrossRef]

43. González, L.A.; Tolkamp, B.J.; Coffey, M.P.; Ferret, A.; Kyriazakis, I. Changes in feeding behavior as possible
indicators for the automatic monitoring of health disorders in dairy cows. J. Dairy Sci. 2008, 91, 1017–1028.
[CrossRef] [PubMed]

44. Urton, G.; von Keyserlingk, M.A.G.; Weary, D.M. Feeding behavior identifies dairy cows at risk for metritis.
J. Dairy Sci. 2005, 88, 2843–2849. [CrossRef]

45. Bouissou, M.F. Influence of body weight and presence of horns on social rank in domestic cattle. Anim. Behav.
1972, 20, 474–477. [CrossRef]

http://dx.doi.org/10.1016/j.applanim.2014.09.022
http://dx.doi.org/10.1016/S0301-6226(03)00110-6
http://dx.doi.org/10.3389/fvets.2016.00065
http://dx.doi.org/10.1016/j.applanim.2012.03.014
http://dx.doi.org/10.3168/jds.2014-8357
http://dx.doi.org/10.3168/jds.2017-13812
http://dx.doi.org/10.3168/jds.2017-14149
http://dx.doi.org/10.3168/jds.2017-13078
http://www.ncbi.nlm.nih.gov/pubmed/29477519
http://dx.doi.org/10.3168/jds.2016-10987
http://www.ncbi.nlm.nih.gov/pubmed/27837987
http://dx.doi.org/10.3168/jds.S0022-0302(06)72077-X
http://dx.doi.org/10.3168/jds.2008-1718
http://www.ncbi.nlm.nih.gov/pubmed/19528589
http://dx.doi.org/10.3168/jds.2013-7434
http://www.ncbi.nlm.nih.gov/pubmed/24630661
http://dx.doi.org/10.3168/jds.2019-17456
http://www.ncbi.nlm.nih.gov/pubmed/32008780
http://dx.doi.org/10.1016/j.microc.2018.02.009
http://dx.doi.org/10.3168/jds.2019-16278
http://www.ncbi.nlm.nih.gov/pubmed/31668443
http://dx.doi.org/10.1016/j.vetimm.2006.03.022
http://www.ncbi.nlm.nih.gov/pubmed/16740320
http://dx.doi.org/10.3168/jds.S0022-0302(91)78619-0
http://dx.doi.org/10.1016/j.applanim.2011.04.005
http://dx.doi.org/10.3168/jds.2007-0530
http://www.ncbi.nlm.nih.gov/pubmed/18292258
http://dx.doi.org/10.3168/jds.S0022-0302(05)72965-9
http://dx.doi.org/10.1016/S0003-3472(72)80011-3


Animals 2020, 10, 928 15 of 15

46. Barber, S.R.; Davies, M.J.; Khunti, K.; Gray, L.J. Risk assessment tools for detecting those with pre-diabetes:
A systematic review. Diabetes Res. Clin. Pr. 2014, 105, 1–13. [CrossRef]

47. Jie, M.A.; Collins, G.S.; Steyerberg, E.W.; Verbakel, J.Y.; van Calster, B. A systematic review shows no
performance benefit of machine learning over logistic regression for clinical prediction models. J. Clin.
Epidemiol. 2019, 110, 12–22.

48. Grimm, K.; Haidn, B.; Erhard, M.; Tremblay, M.; Döpfer, D. New insights into the association between
lameness, behavior, and performance in Simmental cows. J. Dairy Sci. 2019, 102, 2453–2468. [CrossRef]

49. Machado, V.S.; Caixeta, L.S.; Bicalho, R.C. Use of data collected at cessation of lactation to predict incidence
of sole ulcers and white line disease during the subsequent lactation in dairy cows. Am. J. Vet. Res. 2011, 72,
1338–1343. [CrossRef]

50. Leslie, K.E.; Petersson-Wolfe, C.S. Assessment and management of pain in dairy cows with clinical mastitis.
Vet. Clin. Food A 2012, 28, 289–305. [CrossRef]

51. McArt, J.A.A.; Nydam, D.V.; Overton, M.W. Hyperketonemia in early lactation dairy cattle: A deterministic
estimate of component and total cost per case. J. Dairy Sci. 2015, 98, 2043–2054. [CrossRef]

52. Hogeveen, H.; Huijps, K.; Lam, T.J.G.M. Economic aspects of mastitis: New developments. N. Z. Vet. J. 2011,
59, 16–23. [CrossRef] [PubMed]

53. Gilbert, R.O.; Shin, S.T.; Guard, C.L.; Erb, H.N.; Frajblat, M. Prevalence of endometritis and its effects on
reproductive performance of dairy cows. Theriogenology 2005, 64, 1879–1888. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.diabres.2014.03.007
http://dx.doi.org/10.3168/jds.2018-15035
http://dx.doi.org/10.2460/ajvr.72.10.1338
http://dx.doi.org/10.1016/j.cvfa.2012.04.002
http://dx.doi.org/10.3168/jds.2014-8740
http://dx.doi.org/10.1080/00480169.2011.547165
http://www.ncbi.nlm.nih.gov/pubmed/21328153
http://dx.doi.org/10.1016/j.theriogenology.2005.04.022
http://www.ncbi.nlm.nih.gov/pubmed/15961149
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Anabelle Beaver predicting disease front sheet
	Annabelle beaver predicting published final
	Introduction 
	Materials and Methods 
	Health Assessment 
	Behavioral Data Collection 
	Statistical Analysis 
	Data Preparation 
	Descriptive Analysis 
	Model Development 


	Results 
	Descriptive Statistics 
	Model Results 

	Discussion 
	Conclusions 
	References


