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ABSTRACT

One part of dairy herd management is to handleades®ccurrence by means of health promotion, diseas
prevention, timely medical treatments, or eradicatf disease. Supporting this part of herd managém an
essential task for the cattle veterinarian. Thdystibjective was to identify principles and toads &nalysis of
herd health data in industrialized dairy herds. &halysis takes into account the additional conifyleaused

by changes in behavior among herd managers andpeesdnnel due to, for instance, legislative charige
promote animal welfare or food safety. Methods fioend management science were combined with centext
specific information about social mechanisms. Tésuilts were synthesized into a concrete 7-step gflan
action, as follows: (1) As the foundation, use surdusly process behavior charts primarily basedrmal-
level data. (2) Assure strict definition of the rme@ments considering purpose, collector and mganin
terms of biology and management. (3) Interpretpidterns in the process behavior charts and séareimd
remove causes of exceptional variation in a diadogith the herd manager. (4) Search for option®gtiuce
routine variation. Multivariable or multivariateasistical models can give additional informatiorcésgse of
their ability to reveal hidden sources of variatigh) Set targets at the tactical and strategieltewhile
accounting for costs and benefits with appropriatthods suggested in the study. Issues relatedrto n
financial effects are addressed. (6) Adjust measent¢ and intervention theory. The previous fivepste
should initiate an iterative process in which theeivention is evaluated and updated based onethdts
achieved thus far. (7) Develop a framework in te&esinary practice unit to support the health genénce
measurement process. The activities in step 7almilbst certainly require expert statistical asaista

Keywords: Herd Health, Dairy Herd Management, Veterinartdealth Performance Measurement

1. INTRODUCTION During the last two decades, computer technology,
Automatic Milking Systems (AMS) and other automated
The size of dairy herds has increased dramatigally data collection tools have dramatically increaskd t
many countries and it seems relevant to consider th amount of data available for measuring and evalgati
dairy herd as any other industrialized manufacturin performance over time in dairy herds. These datg ma
enterprise, service provider, or organization imegal. be especially useful for measuring occurrence of
Continuous evaluation of the performance of the diseases with subtle signs (e.g., ketosis and tigsti
production process is an essential part of herdifless)  which have become relatively more important because
management. One part of herd management is to dandlmajor diseases like tuberculosis and brucellosigeha
disease occurrence by means of health promotionpeen eradicated. The continuing entry and remofal o
disease prevention, timely medical treatments, ornumerous animals, the interaction between animads a
eradication of disease. It is an essential taskhfercattle ~ management and feedback mechanisms make the dairy
veterinarian to support this part of herd manageamen herd a very complicated system or organizationctvhi
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may make performance measurement and evaluation ofneasurement tools to make observations of some
performance in the dairy herd more complicated thanactivity (variables) at successive points in tingeich

they may be in most other industries.

Enevoldsen (1993) reviewed technologies an
management tools developed for dairy herd healt
management up to the early 1990s. Principles aold to

for measuring and evaluating performance over time,

were treated in some detail. Inspired by the taoid
principles used in manufacturing enterprises artkrot

organizations, including public management, we may

find uses of numerous additional tools and prirespio
be useful. Terms like monitoring, surveillance, tooin
benchmarking, epidemiological or business intafiage
performance measurement, evaluation, statisticategs
control and quality control are widely used. Howevhe
definitions and distinctions between them seemifierd
among disciplines, the objectives for applicatioa aften
vague and the interpretation can be complicated.

data are called time series datdongitudinal data. The

gfundamental elements of an analysis of time set&a

hare (Armitageet al., 2008) as follows:

* Plot the data before doing any computations
Look for extreme outliers and search for possible
reasons

Identify obvious long-term trends

The following presents concepts and tools for saich
time series analysis of major relevance to dairydhe
health management.

1.2. The Process Behavior Chart

Figure 1, the upper panel, shows a typical example of
a time series graph meant for measuring performaheae

Krogh and Enevoldsen (2006) describe the so-calledyrocess. In this case, it is a process in a darg, tut it

VPR platform. It was established in 2003 and givasish
practicing cattle veterinarians access to a growingber
of tools for management of health data.
development of the platform and support of the 3jsee
have identified a number of barriers and needeffaient

During

could be a process in a factory or a service imgu$he
data points are the Fat percentage to Protein mage
Ratio (FPR) of individual cows at the first millsteday in
the period 5 to 28 days after calving. The diagrantsg.

support of data management for health performancel, upper and lower panels, will be described andaéngd

measurement in the dairy herd. Especially when data
used for very specific decisions, errors in coitettand

in the following with the terms used by Wheeler@))
who calls the diagrams IRig. 1 Process Behavior Charts

management of data were revealed. Based on thigpBC). Above and below the lines connecting the

interactive development work with veterinarianghe field
together with various research and teaching basethe
collected data, we will (objectives):

Identify principles and tools that are of particula
relevance to dairy herd health

consultants’

measurements of FPR (the time series graph) acallen
Natural Process Limits (NPL). The purpose of tHesis
is to separate the routine variation of the prodgiss
natural process) from the exceptional variation.thié
process exhibits only routine variation, demonsttat

continuous evaluation of health performance in the visually as all points inside the limits, the prsgavill also

industrialized dairy herd and

management of data for
measurement in the industrialized dairy herd

This study is organized into the following main
parts: (1) time series analysis and (2) control and
systems approach to herd management.

The work does not present or discuss simple graphi
or tabular presentations of data without attenptsddress
random and systematic variation in the producti@tgss,
or without support to evaluation of the performané€¢he
process by means of some type of limits or criteria

1.1 TimeseriesAnalysis

In herd management, the most common questions ar

related to time. We want to know whether therechanges
in the production process. Detection of changesiires)

some kind of comparison of the current (or future)

production process with some previous producticsulte

be predictable (within limits). Predictability isna

Suggest a coherent set of definitions and tools forimportant and favourable characteristic of a preces
health performance

Consequently, the exceptional points (points oatslte
limits) must indicate something unpredictable ahé t
cause(s) of the exceptional variation should be
continuously explored and, if possible, removed to
improve the process (make it predictable). Attempts
possibly should be made to reduce routine variatian
doing so will require fundamental changes in thecess.
This type of change may be necessary if too masyitse
are unacceptable from a product quality point efwiFor
example, electrical conductivity measurements fram
AMS might show only routine variation. Still, an
unacceptably large proportion of cows could have
fhastitis, which would require very time-consuming
attention or medication. Therefore, fundamentalngea

in the AMS or the herd management may be justified.
Wheeler (2000) uses the term method of continual

As part of herd management, we use a variety ofimprovement to describe the PBC and its intendexs.us
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Fig. 1. XmR-chart of Fat-to-Protein Ratio (FPR) in milk reded between 5 and 28 days after calving. The doles are the
averages and the dashed lines are the NaturalSrbomits (NPL). The upper panel is the X-charts@ivations crossing
the NPL and observations that fall for the ‘runkesu (criteria for trend) are highlighted. The lawganel is the ‘moving
Range’-chart. Observations crossing the NPL areligigted

The data points in the lower panel Bfg. 1 are the  panel, two observations cross the upper limit. €hem
numerical differences between successive valughen cows are most likely associated with subclinicaiokes
upper panel. They are called moving Ranges (mR),(Krogh et al., 2011). Based on the previously described
which directly measure the cow-to-cow variation.eTh runs rules, there is a trend towards a lower aweFRRR
average moving range is the average (arithmeticnjnea from June 2011 onwards. In this specific situatian,
value of the moving ranges and is shown as the rlowe similar trend was not found in second and oldeitigar
horizontal line in the lower panel. The lower armuber (not shown). For this specific herd, this signathénge
NPL in the upper panel are derived from the averagein the process was most likely related to insuffiti
moving range in the lower panel by multiplication- training of fresh first-parity cows to the AMS. &ir
constants that depend on the type of data (Whexleg); parity cows were left standing outside the AMSdprto
in this case, the constant is 2.66. Similarly, upper range 6 h, thus reducing their roughage intake and leatiin
limit for the average mR is obtained by multiplioat with milk fat depression.
the constant 3.27. A more conservative approacto is The issue with a chart like that ig. 1 is that we
calculate a median mR, which may be more apprepiiat can make two errors: (1) interpret noise (routine
some few values are very high or low. Indicatioris o variation) as if it were a signal of exceptionatistion or
possible emerging trends are marked in the uppes!.pkn (2) fail to detect exceptional variation when ifpiesent.
this case, a series of more than 7 points on @®edfithe  The above-mentioned constants and rules to catcthat
average is regarded as signaling a trend. Thirpatt [limits and define ‘signals’ are empirical and irded to
represents one of several of the so-called rures;rdf  strike a balance between these two mistakes (Wheele
which some are summarized by Kristenagsd. (2009). 2000). Woodall (2000) stresses that this type @iricts
Based on the first author's personal knowledge “a tool of exploratory data analysis” (of histoficiata)
about the herd from whiclrig. 1 was derived, the and that “no assumptions of normality or indeperden
interpretation of the chart can be as follows:He tipper  over time need to be made. In fact, distributional
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assumptions cannot even be checked before the ishart statistical distribution. The control chart rules ased to
initially applied...because one may not have processdetect deviations from the model, including the elod
stability...”. Woodall (2000) disputes the effectiems  assumptions themselves”. In statistical terminojdgis

of the traditionally used runs rules and suggestsconcept is called model control. Vries and Reneau
alternatives, as well as suggesting alternativessing ~ (2010) discussed the effectiveness of SPC basehleim
the mR chart to identify changes in variability ine ~ comprehensive review of applications of the control
process. Koutraset al. (2007) conclude that the charts in animal production. Their main conclusioas
sensitivity improvement achieved by supplementing t that an actual search for the true causes of excepht

classical control chart by runs rules, has a taftlen the ~ Variation is very difficult and seldom done. Papensthe
false alarm rate. In simple WOI’dS’ runs rules iasee practical benefits of implemented control chartesoks

sensitivity but also produce more faise alarms. were not found. Run length distributions (an inthcaf

- SPC effectiveness) were only found in papers daisgyi
Whe.eler (2000). vigorously stresses that no simulations studies, which may be problematic bseau
assumptions are required for the PBC. In case there

. - - ; . simulations usually are based on assumptions about
no signs of exceptional variation or trends, inggtion y b

: d ; : . distty distributions, which we rarely know in a real Igetting.
Is not warranted. In fact, intervention may distte \yheeler (2011) claims that autocorrelation (thahisn-
process (Wheeler, 2000; Woodall, 2000). Wheeleo als j,qependencies of the series of observations) dhool

vigorously stresses that specific knowledge abbet t jnfjyence the limits for NPL. The argument is that
context of the process is needed to discover canfes gytocorrelation will cause a trend (signal) thasuti be
exceptional variation, which is the primary objeetiof  explored and the cause(s) identified and removetthid
the method of continual improvement. exploration and the subsequent intervention are
In the increasingly automated systems, the uskers osuccessful, only routine variation remains and ineut
the information may become detached from the variation will not contain autocorrelation.
management of data. To completely and fully describ Another major difference between SPC and the PBC
the context, the user needs to know (Wheeler, 2000)is that SPC in many cases shows only data thdiitared
Who collected the data? How, when and where wete da Of smoothed to better reveal patterns in the dBités
collected? What do values represent? If computed; h Process is achieved by calculating one of sevgpaist of
were they computed from raw data? Were there clsangeMoving averages. One possible choice is the avesage
in formulas over time? We will add that sometimeisi e latest 12 months plotted for each month, whidh

crucial to know for what purpose the data are ctdie to eliminate erratic fluctuations (smoothing). The rngv

understand why data can be misleading. These?verage may also be weighted so that the latest

requirements may be a real challenge to a herdhheal mheasurr]ements 3f the time sSerler? are %l\_/en morehWe|g|;|
consultant but also an important learning process. than the preceding ones. Such weighting is gegera
recommended to avoid reactions resulting from rexhof/
1.3. Statistical Process Control the oldest historical data. Smoothing may also akeve
1.3.1. Classical Methods harmonic variation, which often is caused by sealson

The PBC described above is one simplified versiondlumal factors in the dairy herd. Basically, snfiiog

of the Shewhart Control Chart concept, which is agno serves the Same purpose as the runs rul_es foreiBods

the body of techniques known as Statistical ProcesdOr calculating various types of moving averagee ar
Control ~ (SPC), widely used since the 1930s. aya|lable in widely used spre.ads.he.ets. Howeversethe
Kristensenet al. (2009) give a detailed description of Simple tools do not always provide limits, probabécause
what they call the classical methods for SPC amir th calculation of the standard errors becomes morepleom
applications to various types of herd managemetd.da Wheeler (2010) claims that some methods to cakeulat
The major difference between the PBC and the SPC idimits applied in standard software are quite imapgate.

that the limits in SPC usually are based on distiimal Woodall (2000) stresses the importance of
assumptions of the measurements (e.g., normal odistinguishing between an initial purely exploratitime
binomial) and degree of dependencies betweenseries analysis like PBC (phase 1) and a subse@RDt
measurements (autocorrelation). For these reatuese based on the results of the explorative time series
methods are separated from the PBC in this pres@mta analysis (phase 2). In phase 1, we may find jgstifons
The validity and importance of these assumptiony ma for assuming homogeneous processes or certain
be very questionable and hard to judge. WoodalD@20 distributions (e.g., normal or binomial) that permi
guotes Hoerl and Palm (1992) as stating that “theapplication of a series of parametric analytical
underlying model (for SPC) then is only that one lha  techniques that may be used for prediction and
series of independent random observations fromglesi  quantification (phase 2, methods addressed below).
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Fig. 2. Fat-to-Protein Ratio (FPR) in milk recorded betw&eand 28 days after calving. Each observationvsrgby a dot. The
solid line is the prediction of the FPR updatedathenew observation. Observations with a high piibhato be outliers
are identified by the model (circles) and do nattdbute to the prediction

Woodall (2000) supports the view that the PBC isyve between measurements, or thresholds for level-shift
robust but also states that “there is a wide difiee of  outlier. A simple SSM model for dichotomous fetjili
opinion on how much robustness is needed in pictic data is described by Thysen and Enevoldsen (199%).
applications, so there may always be some disagneem trend-line is supplemented with a graphical disgathe
on this issue”. Wheeler (2011) probably represeéhés  dynamics of the raw data to support a qualitative
most extreme view by stating that “We do not nemd t exploration of potential causes of (exceptionatjatan.
check for normality or transform the data to makent This concept is implemented in freely availabletwafe
‘more’ normal. We do not have to use sub-grouped da for herd management support (Thysen and Enevoldsen,
to receive the blessing of the central limit thentsefore 2011), which is applied by a substantial number of
the chart will work. We do not need to examine data Danish cattle veterinarians (we track the use Wa t
for autocorrelation”. download of data from the VPR-platform). The
assumption of a binomial distribution behind this
1.4.Performance Measurement by State Space  concept is not tested. Justification of the bindmia

Models distribution would require providing evidence thet

Figure 2 provides an example of a concept suggested®®Ws [n the observation period had the same chahce
by Thysen (1993). The individual data points aresame  EXPeriencing the events (insemination or pregnancy)
as those irfrig. 1. The solid line is the filtered prediction of (Wheeler, 2000). . .
the process at each data point. Outliers (anotoed vor . /" the very simple PBC concept described above, it
exceptional variation) are indicated by a circlaeTsolid 'S thef mar:jag?rsi or the crg)nfsultants taskf to reei:_t
line (the prediction) can take the following pasits: Level 5'9’_16;.5 arjl_h_s ar ? search for Causes (?[ ex:;rp lona
shift or ‘normal evolution’. An outlier will not &ct the ~ Vartation. This reaction may requireé Some type oren
prediction; it is filtered out. or less complicated statistical analysis. In themoore

Figure 2 is one example of the so-called State SpaceComPplicated SSM, a statistical analysis essentialy
Models (SSM). Kristensert al. (2009) describe SSM €mbedded in the time series analysis. That approagh
and their potential applications for herd managenien 9ive more valid signals but at the cost that the
detail. The general purpose of a SSM (Kristentea., assumptions must be justified, \_Nh_lch may be a rathe
2009) is to estimate the parameters in a matheatatic complicated task. In fact, a statistical model ocaints
model (e.g., regression coefficients or variancisit required and outliers or lack of fit detected byqlmme of
combines information from the observed data (¢tgg, ~Model control tools can be considered signals of
data points inFig. 2) with some information available ~deviations from the assumed (statistical) theanycase
before data collection starts (e.g., expected &ffe¢  Of signals, the managerial reaction must be dicecte
some intervention like changes in milking routines)  towards a search for both causes of exceptionatiam
major advantage of this type of model is that itais (& qualitative context-bound search) and an appatepr
natural formulation of the Bayesian approach, which statistical model. We suggest it will be simplerstart
means that a priori knowledge can be combined withwith the virtually assumption-free PBC, especiatiythe
new information in a systematic fashion. Important typical dairy health management context where
assumptions can include types of distributions mbre  numerous health measurements are available and
terms (e.g., normal or binomial), type of corraati relevant. Even if a SSM is validated in one contéxs
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very likely that distributions and causes of exomml
variation are different in another context.
statistical model control is a task for expertsisth

unobservable state can be obtained by combining tes

Because similar to the multivariate technique described \abo

Krogh et al. (2011) used a Latent Class Analysis (LCA)

approach may be impractical with many herds andto handle this problem for diagnosis of ketosise TICA

numerous indicator variables in each herd, asasct#se
for the work context of the herd veterinarian.

1.5. Multivariate Statistical Process Control

might be combined with the SPC tools outlined above

In some aspects of dairy production, we have id sol
theory about the relationships between measurements
that allows us to combine a number of measurements

With the increasing number of herds with automatic into one meaningful combination. This approachrnis i

data collection, both the number of health, faytitnd

contrast to the purely data-driven condensation of

production indicators and the measurement frequencwariables by means of principal components or simil

increase dramatically. Some of these indicator$ lvel
correlated. So-called Multivariate Statistical Rrse
Control is an analytical concept designed to haride
correlations and the large volume of data.

‘multivariate analysis’, we mean that several \alea

methods. An example is the so-called lactation eurv
Krogh and Enevoldsen (2012a) demonstrated an asalys
of milk yield recordings in which the shape of the

BY lactation curve is defined by multiple variables an

coherent way that takes into account correlations

are analyzed jointly by creating a new Y-variable petween variables. In the case of the lactationesuve

(response variable) that is defined by the corimiat
between the original variables. The new indicat@ym
represent an unobservable (latent) condition tlagt dn
interpretation or simply a hidden data structurde T
calculations are usually based on so-called praicip
components. The concept with control limits is saene

as in SPC. The variance can also be exposed to tim
series analysis with the SPC concept. However, the

have an example of a hierarchy of indicators and
applications. We can use some components (e.g., the
parameter for acceleration early postpartum) asrectd
health indicator, the combination of all paramefate a
lactational yield per cow and the summation ofd/igdbm

gll cows into a herd-level indicator of milk deliye

In recent years, the emergence of social media and

interpretation of out-of-control points becomes enor other digital stores with vast amounts of text basated

complicated because they cannot be directly linted
one single indicator. The concept was developedrs¢v

a need for automatic detection of emerging trend$or
instance, buying patterns. This search is called te

decades ago and is implemented in standard softwarining. Search engines like Google are based oh suc

(e.g., MVPMONITOR procedure, SAS Institute, 2011).

tools. The increasing requirements for documentabip

We are not aware of practical applications or means of various reports in the dairy industry magate

interpretations of Multivariate Statistical Proc&xsntrol
for dairy herd management. Enevoldsenal. (1996)
applied second-order factor analysis (a similatistieal
technique) to condense 22 herd-level indicatorseaith,
fertility and production into 10 and 5 first- andcend-
order factors, respectively (new variables), besthnew
variables were not used for time series analysis.
Numerous tests are available for disease diagimsis
the dairy herd (e.g., mastitis pathogens in millketone
bodies in wurine). In fact, every comparison of

performance measurement with the associated targ
value can be regarded as a diagnostic test. Becaus

diagnostic tests (including performance measurespent
will be used for decision support, it is necesstoy
evaluate the quality in terms of sensitivity and
specificity. However, information about these pagtans
and the associated uncertainty is often insufficiéh
information about the validity and precision of &en
diagnostic test is insufficient, the herd managannot
know how an intervention based on the test results
work. Virtually all diagnostic tests are imperfect.
However, knowledge about some underlying
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a need for development of tools for continuous text
mining to support health performance measurement.
Computerized text analysis has been applied by
Allaki (2005) for the veterinary authorities’ suill@nce

of health. Text mining is also implemented in skod
software (SAS Institute, 2010).

1.6. Multilevel Statistical Process Control

In a dairy herd, data are produced at multiple
?rganizational levels (e.g., udder-quarter, udder,

9 ctation, cow, group of cows and herd). The datanf

these levels may be correlated and such dependencie
should be accounted for. The correlations could, fo
instance, be taken into account by pooling thendings
from the four quarters (e.g., electrical condudyiyvinto

one average udder-level measurement. However,
important information may be lost by this aggregati
Some of the methods described above may be
developed to handle this situation effectively. afte

not aware of practical applications for herd
management, but industrial applications are repglorte

AJAVS
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1.7.Control and a Systems Approach To Herd
M anagement

The mainly explorative analytic approaches desdrib
in the previous sections will enable us to detézinges
within the processes in the production system. Heweéhe
historical results from an actual herd will not eszarily tell
us whether the resources could have been usedibdtiat
herd. That is, was the performance acceptabldy rgabd,
or poor? Or was it optimal from a resource use tpoin
view? The following presents relevant approaches to
answering this fundamental question. Often thiduasian
is called control in the management literature.

1.8. Benchmarking

Benchmarking is one obvious way to select targets.
In its simplest form, it could merely be a herd eger
asking his neighbor about the performance in hid hs
a tool to judge his own results. More systematycdte
principle of benchmarking is to identify severahet
herds with a similar combination of resources ascase
herd and compare the performance measurement in o
specific case herd with the range of results ins¢he
reference herds. This comparison will indicate
performance level at best practice. For instandetvs
the range of values in the best 25% of a performanc
indicator (e.g., milk production)? A formal compmm
of targets and performance measurements may no
allow us to evaluate whether we are on target drand
determine if the system is performing satisfacgorlh
addition, dissemination of these targets to thenéas may
motivate changes in management (Nir-Markusfeld 3200
The selected target performance measurementssmbal
considered a prognosis for the future or a budget.

A fundamental problem in benchmarking is to
decide when a potential reference herd really is a
comparable herd. It is straightforward to find hetdat
are comparable with respect to very general
characteristics like herd size, breed, type oforgtior
milk production level. To further investigate ifebe

nal of Animal and Veterinary Sciences 7 pO1Q) 159-174

not account for uncertainty in the variables. lagiical
management of Danish dairy production, benchmarking
on health indicators so far seems to have used one
performance measurement at a time (univariable),
which does not account for the correlation betwien
performance measures.

Correlation between performance measurements in
essence means that calculating additional perfoceian
measurements will yield only minor additional
information. The negative correlations are the most
troublesome because targets often are derived from
univariable analyses. In the case of lactation esirv
Krogh and Enevoldsen (2012a) addressed this igsue i
detail. An increasing peak yield is strongly asatet
with a steeper decreasing slope afterwards, buausec
the correlation varies from herd to herd, the datien
can be a performance measurement per se.

It is obvious that benchmarking is invalidatedhié
scale of a measurement differs from herd to heritk M
yield, fat percentage and Somatic Cell Counts (S&€)
examples in which the scales are calibrated inraknt

Lgystems. However, for the cattle veterinarian, afim

level conditions like body condition, lameness a&hh

lesions are examples in which scoring systemsn@sa}i
are needed. These ‘clinical recordings’ obviouslysm
be standardized to be useful for benchmarking.i€zin

V&riteria that are constant within herd (e.g., sfiedor a

single manager or veterinarian) may suffice if
performance measurement is restricted to histodatd
within the herd. Kristensemrt al. (2006) demonstrate
typical variation in scores and that agreementimaal
scores quite easily can be improved with training.
Consequently, before any target health performance
measurement (indicator) can be chosen, the quafity
available clinical records must be evaluated. The
evaluation essentially includes estimation of sesrof
variation (random, within-herd, between-herd) and
identification of systematic errors in data collent

Even when score values are described in detail in

herds are truly comparable, the methods describedn@nuals or protocols, they may be used differengly

above or the methods described below can be used t
delineate the production systems in sufficient tieta
judge whether they are comparable.

The principles of benchmarking is used in stodgbast
frontier analysis in which a ‘best performance’ritier is

¥eterinarians or others doing recordings in thed&er

(Lasteinet al., 2009). The veterinarians’ perception of
the herd health management system could influeinee t
basic clinical recordings. Recordings of disease
treatments are also influenced by herd-specific

estimated to describe the best performance given #onditions (Vaarstet al., 2002), which will make

specific set of input factors (Kumbhakar and Lqu&li03).
Also Data Envelopment Analysis (DEA) describes sach
frontier but is driven by actual observations (perfance

comparability across herds very poor. Krogh and
Enevoldsen (2012b) have described a concept tatdete
this type of measurement error. This approach coeld

measurements), instead of detailed knowledge aboutiseful in a large veterinary practice that mightntveo

production functions. Nielsen and Bramsen (2004)
provided an example of DEA in pig production. DEéed
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develop a benchmarking system based on recordings
from multiple veterinarians in the practice.
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Data used for benchmarking are often an The requirements for performance measurement will
aggregation of data for a longer period of timgy.(ea  depend on the time horizon. In herd managememagie
year or a quarter of a year). The same time intésva  gecisions about the production system have tragifip
usually used in routine reports to evaluate theheen givided into the strategic, tactical and djmral
performance of a given concrete herd. In case we ha o 61 Operational decisions typically relate &y-tb-day

not discovered an important time trend, we may raiss management routines in the production processeffaets
signal or get a misleading signal. Averages, rarageb 9 P P

histograms all obscure time order, which can be ©f OPerational decisions can quite quickly be impated
misleading (Wheeler, 2000). If, for instance, and evaluated and the economic impact of the ihdali
performance has improved markedly in our case herddecision is often of minor magnitude for the hesdaa
we might be interested only in the value for theeda  whole. The tactical decisions are in the monthearytime
month. Consequently, an appropriate time seriefysita frame. The decision could be to increase the amofint
with as few restrictions as possible should alwageede  labor and change the feed ration. Strategic desisae
traditional  statistical analyses like benchmarkimy  |ong term. The decision could be to build a nevblsta
statistical modeling (Armitaget al., 2008). increase the number of dairy cows, or convert aaic
1.9.Planning Tools to Derive Targets for farming. The needs fqr and types of performance

Performance measurements are very different at these levels.

Wheeler (2000) provides numerous examples of the

Even if we have identified ‘comparable’ herds, errors that can occur if the target setting and wamson
specific constraints or personal values may pethist with  an aggregated single-value performance
make the concrete herd unique. Therefore and ideall measurement are used alone in some ‘Annual Report’
regular and iterative planning processes shouldym®  without a detailed preceding time series analysiact,
herd-specific plans that again should have forredlat his view seems to be that the aggregated report is
goals for health, fertility, production, etc., bdsen the  unnecessary if an appropriate PBC analysis is atiadu
system context and the use of the available inpetbfs ~ The advantage of this graphical approach is that we

like feed, medicine and management. The goals ghoul avoid definition of arbitrary (non-biological) coffs
be specified as targets for the performance meamimes between time periods.

that can be derived routinely from the productioocess )
(Kristensenet al., 2009). A simple approach to setting 1.10. Causal Analysis  Supported by
herd-specific targets is to take historical resudtsd Multivariable Statistical M odeling

adjust them for expected results of the plannechgbs L . . .
in the next planning period. Enevoldsen (1993) The application of the tools for time series anialys

demonstrated this simple approach for a seriesalth usually will create a need for further analysisdentify
and fertility performance measures. The expectedite ~ causes of exceptional variation or emerging trermas,
(targets) of changes in plans were based on a hix ooptions for reduction of routine variation (thaf is re-
general theoretical knowledge and context-specific engineer the system). A possible need for setngets
knowledge about the herd and the management. may also require additional analysis. Well suitedidoth
Numerous advanced tools are available for planning purposes are Multivariable Statistical Models (MSM:;
Major examples include (Kristensenal., 2009): expert e g logistic and linear regression or analysis of
systems (based on norms and logic), linear progiamm yariance), which have been used for research pespos
(widely u_sed to formulate _fe;ed rations), dynamic ¢, many years (e.g. Armitagest al., 2008).
programming and Markov decision processes (.64 us Implementation of MSM at a larger scale for herd

to select the optimal time to replace cows), Bamesi management is described by Markusfeld (1993):

networks and decision graphs (very complicated ] .
development of decision trees that represents taictées Enevoldsen (1_997a, 199_7b) and_Nlr-MarkusfeId (2003)
Examples of important information produced by such

of decision problems) and simulation (computer rhade ' L L :
an entire system; e.g., a herd). Ideally, the targhould MSM include: differences in milk production betwesaws

be estimated from an optimization of the available With or without mastitis, differences in chances of
resources. This optimization can be obtained bynsie&  Pregnancy in cows with or without previous metréisd
some of these tools. For dairy herd health managerae  risk of early culling in cows with or without keisslf the
very complicated and scientifically well-documenteati ~ analyst has context knowledge about the herd, such
commercially available herd model is adapted tongeds  information can be valid as estimates of predietéetts of

of practicing cattle veterinarians (Ostergagtrdl., 2010). management interventions to reduce disease occatren
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Farmers action system

Qualitative data
for interpretation

v

Dialogue

Deeper personal structures

Second loop

o Platform for adaptive decision making
Qualitative data <+

First loop

—>p Adjustment

Production system
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Controllable factors Cow < » Housing
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Milk
Uncontrollable factors v v >

> Meat
Feedi Technical >
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Y DA 7| cquipment Livestock
»
View on system of producing

Fig. 3. Factors, relationships, feedback and interactions system comprising the production system amdféinmer’'s personal
action system (Andersen, 2004, with permission)

A MSM can also be used to estimate a time trend in justified. Results of statistical model control malgo
performance measurement. Singer and Willett (2003)serve as signals of changes in the process orlsigha
and Kristensenet al. (2009) suggest a range of exceptional variation. Appropriate model controbgia
approaches for modeling change and event occurrencealso detect violation of distributional assumptions
Multiple levels (e.g., cow, herd and veterinaryqbice) o I

can also be handled (Krogh and Enevoldsen, 20Tpe).  1-11. Quantitative and Qualitative Methods for a

advantage compared with the time series analyses Systems Approach

described above is that numerous possible confagndi Andersen (2004) gives an example of the challenges
factors like parity and stage of lactation can eeoanted ;e can face when a herd health consultant workh wit
for in a systematic fashion. Consequently, timéd® o nerd manageFigure 3 represents the synthesis of
derived from a MSM may be more valid than time &®n  t5y0gh successive quantitative and qualitatizyaes of
derived from the time series analyses. In fact, 8W 5 gingle herd conducted at several herd visits and
may also detect time trends that were not detduyetie ~ gjscussions with the herd owner over several months
time series analyses because they were hidden byhe production system is composed of cows, housing,
confounding factors. However, application of MSM feeding and technical equipment. The productioese
relies on several assumptions like distributional transforms input factors to output (products, mitkeat
properties, independencies of data, or appropratéel  and livestock). Measurements from the production
specification. Prior application of a PBC may héftp  system (quantitative data) use by the farmer tasadhe
identifying situations in which these assumptions a flow of input (feedback).
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Fig. 4. Rate of Interdigital phlegmon treatment over timeohe herd. The average treatment rate (solid &nel) natural process

limit (dashed line) are calculated on the entimeetiperiod.

process limit

The average moving range is used fautzalon of the natural

One view on herd management can be that thisdecision-support tools probably would have beeweoy

adjustment is according to simple decision criteria
However, the case behirklg. 3 demonstrated that this
particular farmer’s action system was very comgex

dynamic and involved feedback mechanisms. Personal

values and views on the role as farmer in the conityu

limited use if applied without the qualitative kniedge
obtained. The qualitative knowledge, in contrast,
probably would be quite useful alone.

Kristensen et al. (2008) use the term Mixed-
Methods Research (MMR) to describe the research

played some part. Andersen (2004) described thesent approach leading to a model like the on€iig. 3. MMR

system as a learning system
learning took place.

The joint application of some of the tools desetb
above for performance measurement, including tfmwls
setting targets, is demonstrated by Enevoldseral.
(1995), where a systems approach (Kristeesah, 2009)
is applied to a concrete case-herd. This approémhisaus
to express our prior knowledge of the qualitatived a
guantitative structures of the system we work with.
Complicated computer models usually play a majtar iro

a systems approach. However, essential parts of th

information needed for input to the computer madebt
be derived from the herd manager Eif. 3).

The analysis and subsequent synthesis of a theor

about such a system as describe#im 3 require much
more than routinely collected data. A lengthy digie is

needed to establish a genuine common understanding

between the farmer and the researcher. Severitatjuel
research techniques are useful for
However, the information obtained with these qatilie
methods can also be very useful for specifying @sidg
MSM to analyze the quantitative data. In the pafic
case demonstrated ifrig. 3, advanced quantitative
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such purposes.

168

in which double-100pyagically is rooted in the social sciences. Kriseznand

Enevoldsen (2008) use a so-called Q-Method to pbtai
more general knowledge about current subjectivavvie
like the manager’'s views indicated kig. 3. The latter
study also showed that the subjective views on
consultancy differed markedly between cattle
veterinarians and dairy farmers. This factor ilasts the
importance of establishing a genuine common
understanding of the entire system. From the qtadivie
gerspective, Wheeler (2000) also stresses the tanpoe

of context knowledge by specifying a (somewhat
provoking) ‘first principle for understanding data\o
)gata have meaning apart from their context.

1.12. Major effects of public management and
other  organizational constraints on
performance data

Figure 4 shows a Process Behavior Chart from a
dairy herd during a 4-year period. Limits are etapir
and estimated as described fbrg. 1. The average
treatment rate and the natural process limit, based
average moving range, are calculated on the etittire
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period. The performance measurement is the rate oDespite the fact that the targets are extremeli,hige
medical treatment for InterDigital Phlegmon (IDP) first author has experienced that simply setting th
among the cows in the herd. Fréiig. 4 it is evident that  targets has made some farmers change behavior. Some
there is a clear change in the treatment rate fiaig farmers became more reluctant to euthanize chribpnica
2008. The issues related to proportions and rates a ill cows, instead keeping them in the herd, hopiog
discussed by Wheeler (2000). The assignable calise Gecovery. The consequence is that in some hereis th
the marked shift(s) was not a change in the bicklgi a substantial amount of ‘accumulated suffering’ows
processes but a change in the criteria for defiliiy  kept in the herd suffering from various conditiomih
dlagnosls. New legislation introduced some dlseasepoor prospects for recovery. This example represant
categories in which farmers legally could get dragsl  perverse side effect because the purpose of sdtiimg
others in which they could not. For IDP, a farmeuld t5rget was to improve animal welfare. It is clehatt
get prescriptions but could not do so for Digital jncjysion of these sociological aspects will makere

Dermatitis (DD). Not surprisingly, the manager had 516 complicated the rather complicated representat
strong incentive to use IDP instead of DD in casts ¢4, organization ifig. 3.

foot problems. For the herd presentedrig. 4, the herd Krogstrup (2011) defines the term ‘performance

entered the herd health management program and thﬁ]easurement’ as the combination of measurements of

new legislation in July 2008. rocesses (what goes on in terms of, e types of
Another example is the use of Somatic Cell CountP 9 : : . €.g., type
management routines (actions) like heat detection),

(SCC) in the milk sold to the milk processor as an output of the processes (in terms of what was Hgtua
indicator of udder health. Because milk payments utput P in . what w ytu
done in the process-routines; e.g., minutes of heat

from the milk processors are reduced in cases @& SC . -
detection every day) and results (outcome; e.g.,

above certain limits, it is quite obvious that fams A .

have an incentive to discard milk from cows witlglhni pregnancy ra}te). In our herd context, itis |mpltbat the

SCC values. Consequently, the value of SCC inProcess is influenced by some intervention and the
' ' context (competencies and capacity). That is, by

deliveries as an indicator for the herd’s udderltea ina ‘outout’ the int tior Haes
status may be distorted. What happened here is wha €asuring -output, we measure the interventio
taken place. The outcome is the result of the dutpu

Wheeler (2000) called the Voice of the Customer. (process). This outcome (results) is what the fenip

That is, the decision takers in the organizatiderapt X .
to adjust to the needs of the outside world whiie t experiences. Wh_ee_ler (20.00) basically uses th_e same
process per se is not changed demarcation by distinguishing sharply betweenwvbiee

’ of the process (performance of the process pease)

Such distortion of the data is not seen as a enobl h . tth ¢ " lit of the piEdl A
for the manager or the local consultant becausekhew € voice of the customer (the qualty of the piC u
subset of the outcome is the direct or the indisdfect

what goes on in the process. However, an outsideroer : - .

without sufficient context knowledge (e.g., a stitian ~ ©f the intervention; that is, the causal effect(s).

working with large data files for research or aevietary Managementt Off 3}” ortganlza}non caln ?e b?ser? ﬂ(:n

officer doing follow-up on the legal regulationspyndraw ~ Measurements ot the outcome, an evauation ot \ene

naive conclusions about the process, which migid e~ € results are on target (in new public management

unjustified political interventions or causal irdece. The  €MS, a results contract). In this public manageme
context, the term ‘evaluation’ may seem similarthe

upshot could be reduced efficiency of the processven 4 , .
its misdirection. term ‘control’ described aboye for herd management.
A misinterpretation of data like the one outlined HOWever, Krogstrup (2011) gives a broader definita

above is also recognized in the social sciences and@valuation: “A systematic retrospective assessnuént
basically viewed in the same way as Wheeler (2000),0utput (process), outcome (results), administragod
who gives an example (pp. 70-71) and states thaforganization of (public) business, which is expédcte
“...pressure to meet any arbitrary numerical goal or Play a role for practical actions”. In this defio, it is
target will most often result in the distortioneither the ~ essential to note that evaluation includes somgmenht
system, or the data, or both”. Krogstrup (2011)scatich ~ that separates important aspects from unimportant
a local distortive management reaction to outsideaspects. It is also essential that practical useténded.
regulation or requirement a ‘perverse side effécta For an intervention to be practically applicable meed
thorough discussion of performance measurememcteff to know how and when it works. This view is simitar
evaluation and evidence in (New) Public Management.the term ‘surveillance’ used by Schwabeal. (1977)

As an example, targets for the rate of dead cows an and Stark and Salman (2001) in epidemiology. Thesy u
calves are now incorporated into Danish legislation surveillance as some active goal-oriented process
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(Schwabeet al.,, 1977: ‘information for action’) in  specific circumstances (context) and result inaffehat
contrast to monitoring as some passive data callect differ in different contexts. A very complicatedssgym
(measurement) without evaluation. If no decision or like this can be considered self-organizing (Risldeal .,
action is possible, then the measurement does noR007). The term complex responsive processes (Btace
provide information and is thus worthless for 2011) seems applicable, as well. This concept dexcr
management. Kristensest al. (2009) do not make a organizational knowledge as being in the relatigysh
distinction between monitoring and surveillance and between people in an organization.
simplify the complexity of views, values, interamti A clear-cut context-specific intervention theory i
feedback and learning into a general term likelityti  also needed to reduce the number of potentialbvesit
function’ without addressing the problems of idBjiitig performance measurements that otherwise easily
this function in practice. To us, the parameteiirabf a becomes large, causing the overview of the systebet
utility function seems to be a big challenge in a lost. Krogstrup (2011) gives an overview of apptesc
veterinary practice context, especially becatég 3 to evaluate evidence of effects of interventiontlime
indicates that the utility seems to be dynamic. spectrum of contexts, from tame to wild, from the
With the increasing public focus on regulation of randomized controlled trial, which is regarded he t
animal production (e.g., animal welfare promotiomda ideal in medicine but is impossible to apply to dwil
reduced usage of antibiotiCS), it follows that theiill be prob|em5, to the everyday evaluation, or an effect-
an increasing need for evaluation of the resultshef  focysed practice. A systematic use of the simpl€ RB
interventions and ideally the effects of the in&artions. a herd (which includes more or less qualitativéofetup

In large herds with large personnel, some incentivey, remoye effects of exceptional variation) coutdseen
systems based on obtained results may be usedisThat ;4 4, example of an effect-focused practice

perverse side effects may be an important issue to
consider for both local and public management dada 1.13. A Definition of (herd) Health in the

collected from the herds. For the purpose of progd Context of a Systems Approach

documentation of the state of the production system

public authorities, the manager probably does met s In the preceding text, we have not defined health;
‘perverse side-effects’ as perverse. we have focused on management of measurements

For obvious reasons, we want to know as much agelated to disease occurrence. However, our pratsemt
possible about the causal effects of interventidnsa and discussion of these concepts and tools bring us
simple-problem context like assessment of the &ffe€ ~ closer to an understanding of health. In standard
mechanical changes in an AMS on the frequency ofveterinary textbooks, explicit definitions of hdualare
cows’ visits to the robot, a quantitative estimatiaf the rare (Gunnarsson, 2006) and Hatiel. (2004) also state
effect is straightforward with the numerical method that health is often defined for a very specifintext.
outlined above, if sufficient context knowledge is Hence, a definition of herd health is at least as
available. Krogstrup (2011) calls such a probletarae problematic. A similar problem exists in humansy fo
problem, in contrast to identification or quantimn of  whom the term ‘public health’ sometimes seems to be
causal effects (evaluation) in a context likég. 3. defined only as preventive medicine - the sciente o
Krogstrup (2011) calls a problem similar to thaFig. 3 preventing diseases. However, much broader defirsti
a wild problem, which mainly is characterized by a also have been applied that involve the interaction
vague definition, lack of an optimal solution, urel  among society, population and health, intended to
causal mechanisms and interaction between contekt & jmprove the health of the population through ediocat
mechanisms. Krogstrup (2011) gives a thoroughang preventive medicine (MacQueeral., 2001).
discussion of the possibilities for evaluation afcls In a herd health context, the difference betwéen t
problems. One prerequisite is to specify an intetie®@  health of an individual and herd health is thatHesalth
theory. Often, the modest ambition will be to expla s concerned with the herd as a system, as illestrin
why some intervention did not work. Basically the Fig. 3; that is, not only the population of animals is of
formulation of Fig. 3 will allow us to identify key  concern but also the ‘support’ for the populatich a
elements that can be addressed with a mixed-methodenvironment and management. Based on Albrecht.
approach. Again, context knowledge is essential.(1998) and the concepts described above, we pragose
Krogstrup (2011) uses the term Context-Mechanism-analogous definition of herd health, which then ban
Outcome, which means that interventions cause“Animal, environment and manager together viewed as
mechanisms that then selectively interact withdase-  dynamic and complex ecosystem. In this context, an
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ecologically informed or process-view of herd healt concrete herd will give a very strong and necessary
implies the self-regulation through feedback and foundation for interpreting the charts. Knowleddmat
maintenance of all relevant systems promoting amgjoi the specific context and the dynamics in the canteb
physical, mental/emotional and social well-beindnisT  increase. Meeting these requirements may be a real
latter definition gives us a sharper understandinghat challenge for a herd health consultant but also an
poor herd health is. That is, the loss of the gbib self- important learning process.

regulate and the disintegration of support systems23 Step 3

leading to the necessity for intervention. In agess- . JLEp

view, intervention is directed towards restoratmfall Interpret the patterns in each chart, search for
relevant support systems in order for health ag@ibe  assignable causes of exceptional variation (outgidies
self-generated and self-regulated”. or trends) and attempt to remove such causes. This

_ In this definition, it is important to acknowledg®t  systematic process will add further to your knowled
being healthy in a herd health context involves hbed about the herd context, including the manager’semaor
managers’ conception of the animals’ well-beingu3h  less subjective views. The charts and your useéhemt

the role of the herd manager (context) is pivotal. will document your reasons for suggesting interierst
to the herd manager and, if needed, to the public
2 CONCLUSION veterinary authorities. You will also be able to

distinguish clearly between process-related andlises
related measurements and experience the difference

It is our experience from several countries tifero between them through the dialogue with the manager.

the only tools for health performance measurement i
dairy herds are simple graphical or tabular pregents 2.4. Step 4

of data without attempts to address random and ) _ L
systematic variation in the production process.oAls Search for options to reduce the routine variation
there is limited or no support for systematic emion ~ When the results of the process are unsatisfacBume

of the performance of the process by means of soméPtions will be obvious (e.g., repair technical lfaun

type of limits or criteria for intervention. In the the milking equipment or ensure hoof trimming).
following, we suggest to the herd veterinariandattle ~ However, because of the typically large number of
herds a concrete stepwise approach to using théhimals and long-time horizon in dairy productigny
concepts and tools for management of healthWill profit from some multivariable or multivariate
performance measurement data presented above itatistical modeling. A range of traditional sttitial
develop a systems approach to herd health managemef’0dels and state space models are developed

in an industrialized dairy herd. specifically for this purpose (presented and diseds
above). Model control of these analyses can alseese
21.Step 1 as advanced tools to explore causes of exceptional

variation. Standard setups are available and theger

Fi DlevfelophproceSﬁ bblehawor_charts like that shO\;vn Ingeneration of veterinarians has been trained imgusi
I9. 1 for the available routine measurements rom g h1e  versions. This process will also add

standard herd management programs. These charts déhbstantially to your context knowledge.
not require sophisticated software or hard-to-fysti
assumptions. Use animal-level data directly wheneve 25.Step 5

possible. Do not wait until ideal data are avagalthere Set up targets at the tactical or strategic leVak
will always be data available that are useful fealth interventions to reduce the routine variation angliy
performance measurement. improve the results by eliminating product out of
22, Step 2 specifications (e.g., high cell counts) will ofteequire

some investments, which are quite easy to estimate.
Make sure you can answer the following questions However, the benefits in terms of increased pradoct

concerning the definition of the measurements:WAmat ~ or decreased disease-associated losses are more

purpose were data collected? Who collected the?datacomplicated to assess. Models for doing such aeslys

How, when and where were data collected? What doare described above. Some are commercially availabl

values represent? If computed, how were they coedput and you can get support for interpretation and \ggh

from raw data? Were there changes in formulas overthe knowledge gained during steps 1-4, you wils!

time? Precise knowledge about these topics in theequipped to provide relevant and comprehensivetitgou
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these models. The models provide predictions of theAndersen, H.J., 2004. R&dgivning-Beveegelse Mellem
important health performance measures and potential Data og Dialog. 1st Edn., Mejeriforeningd 8BN-

profit arising from the interventions you consid&he 10: 8789795814, pp: 348.

discussions of the results with the manager wilh§pr  Armitage, P., G. Berry and J.N.S. Matthews, 2008.

you deep into the topics described Fing. 3, which Statistical Methods in Medical Research. 4th Edn.,

again will provide knowledge about causes of John Wiley and Sons, Chichester, [ISBN:

exceptional variation. The entire process in stepilb 9780470775349, pp: 832.

also provide estimates of the economic value oheac Enevoldsen, C., 1997a. Epidemiological considenatio

health performance measurement. related to within herd multivariable modelling in

26. St herd health management. Proceedings of the 8th

.6. Step 6 ; . .
International Symposium on Veterinary

Adjust the measurements and the intervention Epidemiology and Economics, (ISVEE' 97), Paris,

strategy. Steps 1-5 should initiate an iterativecpss. pp: 13-32.

Some measurements will be dropped, others added, thEnevoldsen, C., 1997b. Det israelske radgivnings-

quality of the measurements assessed, process lonit koncept-og en dansk overseettelse.

targets possibly changed, cost-benefit assessed,lret Enevoldsen, C., 1993. Dairy herd health managefient

essence, you have established a systems approdainto Danish: Sundhedsstyring i Maelkeproduktionen).

herd (health) management like that outlined above. Ph.D. Thesis. The Royal Veterinary and Agricultural

University.

2.7.Step 7 Enevoldsen, C., J. Hindhede and T. Kristensen, 1996
Develop a framework to support the health Dairy herd management types assessed from

performance measurement process at the practieé ley ~ indicators of health, reproduction, replacement and

This will be particularly useful for establishingbasis milk _production. J. Dairy Sci., 79: 1221-1236.

PMID: 8872716
Enevoldsen, C., J.T. Sorensen, |. Thysen, C. Gaadl
Y.T. Grohn, 1995. A diagnostic and prognostic tool
. o . . . for epidemiologic and economic analyses of dairy
identifying rater bias in ratings used for health herd health management. J. Dairy Sci., 78: 947-961.

for benchmarking because the context knowledge
obtained in steps 1-6 will allow identification thfe most
comparable herds. Above, a tool is presented for

performance measurements that must be corrected pri PMID: 7790588
to benchmarking, or across-herd analyses to ewlt@t  Gunnarsson, S., 2006. The conceptualisation ofttheal
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