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Abstract — The spread of pathogens between cattle herds is closely related to the between-herd
contact structure. This structure is based on neighbourhood relationships, animal movements and
other infectious contacts. The aim of this study was to qualify and quantify cattle movements be-
tween herds and their heterogeneity in order to evaluate the theoretical risk of introducing infected
animals in herds. Data collected from 1998 to 2002 were studied for every cattle herd located in
Brittany. Herd-year types were based on herd size, cow numbers per breed, and fattening units
(veal-calf, bull fattening). Herd-years were either isolated (no introduction, no transfer to another
herd), closed source (no introduction, at least one transfer), open source (introduction and transfer)
or strictly destination (introduction but no transfer) herds. A third of the herds were open source
and 16% were isolated. The proportions varied with the herd-year type and the fattening unit. Open
herds had almost as many source herds as yearly introduced animals. The contact structure between
cattle herds was complex and heterogeneous. Almost all the herd-year types were related to each
other with a varying number of transfers and introductions. More than 90% of the pairs between two
herds were not renewed the next year. Assuming that movements were not controlled, within-herd
prevalence was beta distributed averaging 15%, and herd-level prevalence was 30%, the theoret-
ical risk of introducing an infected animal in herds without any fattening unit varied from 32 to
81%. If herd testing was implemented and able to detect herds with a prevalence above 10% and
if movements were not allowed from detected herds, the herd- and animal-level prevalences in the
remaining herds became respectively 9% and 2% on average. The risk varied from 2 to 6% for herds
without any fattening unit. Animal movements control may reduce the spread of pathogens.
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Résumé — Mouvements de bovins entre troupeaux en Bretagne et risque d’introduction d’ani-
maux infectés. La propagation d’agents pathogenes entre troupeaux dépend fortement de la struc-
ture de contact entre troupeaux. Cette structure est liée aux relations de voisinage, aux mouvements
d’animaux et a d’autres contacts infectieux. L’ objectif de cette étude était de qualifier et de quantifier
les mouvements de bovins entre troupeaux et leur hétérogénéité, pour évaluer le risque théorique
d’introduire des animaux infectés dans les troupeaux. Les données collectées de 1998 a 2002 ont été
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étudiées pour tous les troupeaux situés en Bretagne. Les types de troupeaux-année ont été définis
a partir de la taille des troupeaux, du nombre de vaches par race et des ateliers d’engraissement
(veaux de boucherie, taurillons). Les troupeaux-année étaient isolés (ni introduction ni transfert
vers d’autres troupeaux), source fermés (pas d’introduction, au moins un transfert), source ouverts
(introduction et transfert) ou de destination seulement (introduction, pas de transfert). Un tiers des
troupeaux étaient des troupeaux-source ouverts et 16 % étaient isolés. Les proportions variaient
entre types de troupeaux-année et selon 1’atelier d’engraissement. Les troupeaux ouverts avaient
environ autant de troupeaux-source que d’animaux introduits dans 1’année. La structure de contact
entre troupeaux bovins était complexe et hétérogéne. Presque tous les types de troupeaux-année
étaient en relation les uns avec les autres avec un nombre variable de transferts et d’introductions.
Plus de 90 % des liens entre deux troupeaux ne duraient qu’une seule année. Sous 1I’hypothese
que les mouvements n’étaient pas contrdlés, que la prévalence intra-troupeau était distribuée selon
une loi beta de moyenne 15 %, et que 30 % des troupeaux étaient infectés, le risque théorique
d’introduire un animal infecté dans les troupeaux sans atelier d’engraissement variait de 32 a 81 %.
Si les troupeaux étaient testés par un test capable de détecter les troupeaux de prévalence supérieure
a 10 %, et si les mouvements n’étaient pas permis depuis ces troupeaux détectés, les prévalences
au niveau animal et au niveau troupeau dans les troupeaux restants devenaient respectivement 9 %
et 2 % en moyenne. Le risque variait de 2 a 6 % pour les troupeaux sans atelier d’engraissement.
Le contrdle des mouvements animaux est un facteur de réduction de la propagation des agents
pathogenes.
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1. INTRODUCTION ing). Moreover, the number of cattle in a
herd needs to be managed to ensure a con-
stant herd size; introductions of cattle from
other herds can be inversely related to auto-

renewal.

The whole population of herds is a
structured metapopulation, whose compo-
nents (cattle herds) are related by the
distance between herds and by animal
movements (transfers and introductions).
In order to manage animal health in such
a complex dynamic structured system, the
risk associated to the sources of introduc-
tion of transmittable pathogens into a herd
has to be quantified. The introduction of in-
fected cattle into a herd is one of the main
routes of between-herd transmission for di-

The spread of pathogens between ani-
mal populations can be either direct, i.e.
between individuals, or indirect, i.e. via
the environment, a vector or a reservoir
species [7]. The direct transmission of
pathogens between populations is related
to the between-population contact rate and
structure [5,11]. On the one hand, this con-
tact structure is based on the spatial dis-
tribution of populations in an area and on
neighbourhood relationships, which over-
all induce a local spread of pathogens.
Other infectious contacts such as the ap-
plication of slurry from another farm may
also be involved. On the other hand, it
is related to animal movements between

populations (migration, dispersion), which
could induce the spread of pathogens on
large distances (for example, see [4,9]).

In a livestock area, domestic cattle are
kept in herds. Each herd corresponds to
a population, with its own dynamics and
management system. Herds can be closed —
with auto-renewal and no cattle introduced
in the herd — or open — cattle being in-
troduced. The introductions are related to
the production types (i.e. rearing vs. fatten-

rectly transmitted pathogens.

Among cattle infectious diseases, di-
rect transmission is one of the main routes
of transmission. Moreover, some of these
diseases, such as Bovine Viral Diarrhoea
Virus infections [8], bovine Johne’s Dis-
ease [6] or the Foot-and-Mouth Disease
[9], have important economic repercus-
sions on cattle production.

Depending on the main production of
the farms, several cattle herd types can be
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distinguished. They are related to the breed
of reproductive cows (only dairy, only beef
or both types of cows) and the presence of
a fattening unit, such as a veal-calf or a
bull fattening unit. Contact rate and struc-
ture may be assumed to vary between herd
types. On the one hand, the contact struc-
ture between animals in a herd — and there-
fore, the within-herd transmission of some
pathogens (for example see: [13, 14]) —
may vary between herd types. On the other
hand, the types and intensities of animal
movements may vary between herd types
because of different management decisions
concerning sales and introductions [12,15].
Hence, the between-herd contact structure
may vary between herd types. Moreover,
the risk of spreading a pathogen may also
be related to the type of cattle (age, gen-
der, breed) introduced into a herd. First,
the type of animal introduced generally in-
fluences its infectivity and its susceptibil-
ity to a given pathogen (for example see:
[3,10]). Second, it also influences the num-
ber and type of contacts made with other
cattle in the source herd (i.e. the risk of
being infected before being transferred to
other herds) and in the herd of destination
(i.e. the risk of infecting other cattle), in re-
lation to the herd structure.

With more than 700 000 dairy cows and
20% of French milk production, Brittany
is the main area in France for dairy cat-
tle farming [1]. This area was chosen as
an example for studying animal move-
ments between herds. The objective of the
present study was to qualify and quantify
the movements of cattle between herds and
their heterogeneity, and to evaluate the the-
oretical risk of introducing an infected an-
imal in a herd. After defining the types of
cattle herds, we evaluated the proportion of
open herds and source herds. The numbers
and the characteristics of introduced and
transferred cattle, as well as of the source
and destination herds, were evaluated per
herd type.

2. MATERIALS AND METHODS
2.1. Data

In French cattle herds, every animal is
recorded within an identification scheme
before 7 days of age. The data from
Brittany were studied from 1998 to 2002
for all herds with one or more animals.
Available data were the identification num-
ber of herds, and — per herd — the iden-
tification number of the animals, the gen-
der, breed and birth date of the animals,
the date of entry and reason for entry into
the herd (birth, introduction), as well as the
source herd when available, the date of exit
and reason for exit from the herd (death,
culling, transfer to another herd).

A movement was here defined as the
exit of one animal from its source herd
and the entry into its herd of destination.
During this period, 35326 herds were ref-
erenced each year on average. They were
of varying size (1 to 1115 referenced an-
imals in a year). Seventy breeds were en-
countered. The main breeds were Holstein
(57% of all the cattle), Normandy (10%)
and Montbeliard (2%) for dairy cattle,
crossbred cattle (16%), Charolais (5%),
Limousin (4%) and Aquitaine Blond (3%)
for beef cattle. Crossbred cattle are not
used for dairy production in this region.
They were considered here as belonging to
a beef production unit. Data included more
than 8.8 million individual observations
and more than 2.1 million animal move-
ments. Source herds were recorded in 77%
of the movements (Fig. 1).

2.2. Definition of the herd-year types

Herd types were defined on a yearly ba-
sis. A longer time step would have been
problematic mostly because of a between-
year variability in farmer strategies regard-
ing cattle exits and introductions.

For each cycle going from the 1st of
April of the year X to the 31st of March
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of the year X+1 (i.e. 4 cycles named 1998
to 2001) and each herd, the number of an-
imals present at least one day in the herd
was calculated. The average number of an-
imals per herd per year was calculated by
taking into account the number of days
of presence per animal in the considered
herd during the year. It was calculated per
gender (male vs. female), type (beef, dairy
or crosses) and age class. These numbers
were used to define herd-year types. Limits
for age classes were defined in agreement
with the age at which animals are classi-
cally sold or transferred to other herds. As
observed by inspection of the data, some
animals were transferred older than ex-
pected (for example, some fattened dairy
calves are sold at 7-8 months instead of
6 months of age). Hence, age classes were
larger than classically defined. Five age
classes were defined: [0-31[ days (31 days
being the maximum age of transfer consid-
ered for a dairy calf to be fattened), [1—
8[ months (8 mo being the maximum age
of transfer considered for a beef calf to be
fattened), [8—20[ months (20 mo being the
classical age at slaughter for a bull), [20-
30[ months (young adults for replacement)
and 30 months or more (adults for replace-
ment).

Herd-years with less than 10 animals
(i.e. 3650 animals-day) were grouped as
“small herds” (‘s’). In these herds, the
breed of the animals was not considered,
nor was the possible presence of a fattening
unit. For larger herds, the types were de-
fined relative to the number and the breed
of cows (> 30 months of age). A size of
15 to 20 adult cows is generally consid-
ered to be the minimum size for a pro-
duction unit to be the main income source
of a farmer [2]. To a dairy (‘D’) (respec-
tively beef; ‘B’) unit corresponded to at
least one adult dairy (respectively beef or
cross-bred) cow. After inspection of the
data (observed distributions), small dairy
(‘sD”) and beef (‘sB’) units were defined as
having each less than 15 adult cows. Herd-

years without any adult cow belonged to
three different types: herds with only dairy
heifers (from O to maximum 30 months
of age, ‘Heif.’), herds with fattening veal
calves only (from 0 to maximum 8 months
of age; ‘VCF’), and herds with fattening
young bulls (at least one male older than
8 months; ‘BF’).

Among dairy and beef units, herd-years
with males were also assigned a fattening
unit. To account for the potential presence
of reproductive males, two of the males
older than 20 mo were not included in the
definition of the fattening unit. The fatten-
ing unit was defined according to the age
of males: veal-calf fattening (VCF; at least
2 males < 8 mo and no male > 8 mo)
and bull-calf fattening (BF; at least 1 male
> 8 mo). The BF units also included bul-
lock fattening (castrated males generally
slaughtered after 30 mo of age). However,
only 4% of the herds had 3 or more males
older than 30 mo and could have been con-
sidered as having a bullock fattening unit.
These herds were grouped with herds with
a BF unit.

2.3. Movement analysis

Hereafter, herds that introduced at least
one animal are named destination herds;
herds that transferred at least one ani-
mal to another herd are named source
herds. Source herds that introduced (or
respectively did not introduce) animals are
named open (respectively, closed) source
herds. Herds that were only destination
herds (i.e., no transfer of animals) are
named strictly-destination herds. Herds
that neither introduced not transferred an-
imals are named isolated herds.

Among open herds, some introduced
only 1 or 2 males for reproduction. These
herds are closer to closed than to other
open herds. Therefore, they were quanti-
fied.

For all the other herds, movements were
qualified in relation to the type of source
herds (herd-year types and localisation),
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the type of destination herds and the type
of animals introduced (age, gender, breed).
For each type of destination herds, the
number of animals introduced per year and
the number of source herds were calculated
for an average herd-year. For each type of
source herds, the number of animals trans-
ferred to other herds and the number of
destination herds were calculated for an av-
erage herd-year. The number of pairs be-
tween one source and one destination herd
was quantified, as well as the mean num-
ber of animals transferred per pair and the
renewed presence of pairs between herds
over the years. Means, percentiles and dis-
tributions were calculated. Lastly, flows of
animals between herd-year types were syn-
thesised: herd-year types were grouped,
neglecting the size of the production unit.
Dairy vs. beef herds represented former
‘D’ and ‘sD’ herds vs. former ‘B’ and ‘sB’
herds. All herds with both a dairy and a
beef unit (former ‘D-B’, ‘sD-sB’, ‘D-sB’,
‘B-sD’) were grouped as mixed herds. The
presence of a fattening unit (none, VCE,
BF) was indicated. Small herds (°s’), spe-
cialised ‘VCF’ and ‘BF’ herds, and heifer
herds were considered separately.

2.4. Theoretical risk of introducing
infected cattle

The risk of introducing infected cattle
into a herd is a function of the proportion
of infected source-herds (herd-level preva-
lence), the within-herd prevalence in in-
fected source-herds, and the number of in-
troduced animals. We propose here a sim-
ple model as a first approach for assessing
this risk:

risk = 1= [1 = (paera) (Plicon)| "
with pp..q the herd-level prevalence, poen
the average within-herd prevalence in in-
fected herds, and n the number of pur-
chased animals per herd.
This model is based on three assump-
tions: all the animals have the same prob-
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Figure 1. Distribution of the within-herd preva-
lences in infected herds following a beta distri-
bution of mode 10% and mean 15%.

ability of being purchased, whatever their
herd; all the animals have the same proba-
bility of being infected if they belong to an
infected herd; all the herds have the same
probability of being infected.

As an example, 30% of the herds were
chosen as being infected (pperq). In or-
der to account for the variability of the
within-herd prevalence in infected herds,
this prevalence was beta distributed with
a mode of 10% and an average of 15%
(Fig. 1). The numerical values were ar-
bitrarily chosen. The model was applied
to the previously described average num-
bers of introduced animals per herd and
per year for each herd-year type (Tab. I)
and each fattening unit (none, VCF, BF).
Three cases were represented: no control
of animal movements vs. restriction of ani-
mal movements from detected herds with a
test that detects all herds with a prevalence
(1) above 30%; (2) above 10%.

3. RESULTS

3.1. Animals involved in between-herd
movements

Male dairy calves (0O—1 mo) represented
47% of the animals involved in between-
herd movements (Fig. 2). Beef calves
(males and females of 0—1 mo of age) rep-
resented 20% of the transferred animals.
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Table I. Definition, average yearly number of herds (average herd size in brackets) per herd-year
type (s: small herd, D: dairy unit, B: beef unit, Heif.: heifers, VCF: veal-calf fattening, BF: bull

fattening).
#cattle # dairy cows # beef cows Main herd Fattening unit
(=30 mo) (> 30 mo) type none VCF BF TOTAL
<10 - - s 7611 (4) - - 7611 (4)
> 10 >15 0 D 9044 (65) 761 (107) 4408 (101) 14213 (78)
>(0and < 15 D-sB 1460 (67) 421 (90) 3485 (110) 5365 (97)
> 15 D-B 85 (108) 50 (104) 1124 (168) 1258 (162)
>(0and < 15 0 sD 1130 (19) 62 (56) 220 (35) 1412 (23)
>0and <15  sD-sB 476 (20)  133(32) 527 (35) 1136 (28)
> 15 B-sD 45 (57) 63 (62) 346 (106) 454 (95)
0 0 Heif. 25 (44) - - 25 (44)
VCF - 306 (190) - 306 (190)
BF - - 286 (108) 286 (108)
>(0and < 15 sB 763 (19) 120(61) 616 (36) 1500 (29)
> 15 B 343(55) 102(79) 1311 (117) 1756 (103)
Others 6 (45) - - 6 (45)
TOTAL 20988 2017 12322 35326
Calves Juveniles Adults
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Figure 2. Number of observed introductions from April 1998 to March 2002 in Brittany (France)
with a recorded (white) vs. not recorded (black) source herd, per type of animal: gender (M: male;
F: female), breed (B: beef; D: dairy) and age (calves: O—1 month old; juveniles: 1-20 month old;

adults: >20 month old).

Eighty-seven percent of these beef calves
were crossbred.

Dairy females were transferred essen-
tially after 20 mo of age (57% of the trans-
ferred dairy females). They were the main
group (67%) among transferred adults.
Dairy females transferred after 20 mo of
age represented 4% of all the dairy females

older than 20 mo. Beef and crossbred fe-
males transferred after 20 mo of age rep-
resented 7% of all the beef and crossbred
females older than 20 mo.

3.2. Herd-year types

The number of herds and their aver-
age size including young stock are given
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in Table I per herd-year type for an av-
erage year. Large dairy herds (‘D’) and
small herds (‘s’) were the two most fre-
quent types, representing respectively 40%
and 22% of the herds.

When excluding small (‘s’) herds that
by definition did not have a fattening unit,
8% of the herds had a VCF unit and 44%
of them had a BF unit. The proportion of
herds without a fattening unit was higher in
dairy herds (‘D’: 64%; ‘sD’: 80%). When
excluding these herds, 74% of the remain-
ing herds had a fattening unit.

The average number of adult cows per
herd-year (in all except ‘Heif.’, “VCF’* and
‘BF’ herds) varied within herd-year types
and was slightly higher in dairy than in
beef unit: from 30 to 41 dairy cows in herds
with a large dairy unit, from 5 to 10 dairy
cows in herds with a small dairy unit, from
23 to 37 beef cows in herds with a large
beef unit, from 3 to 7 beef cows in herds
with a small beef unit, 2 adult cows in
small herds.

Since the type of each herd was defined
each year of the survey, the herd-year type
of a given herd could change from one year
to the next. More than 50% of the herds
kept the same type and the same fattening
unit from one year to the next. More than
90% of the herds with a large production
unit (‘D’, ‘B’, ‘D-B’) and of the ‘s’ herds
kept the same type. Ninety percent of the
herds without a fattening unit on a given
year also did not have any fattening unit the
following year.

3.3. Herds’ participation to animal
movements

Among all the herds, 44% were destina-
tion herds and 73% were source herds.

Isolated herds represented 16% of the
herds (see the yearly number of herd-years
in Fig. 3). Half the ‘s’ herds were iso-
lated. They represented 65% of the isolated
herds. Other herd-year types were in much
lower proportions, with dairy herds (‘D’)

being the second most frequent type rep-
resenting 8% of the isolated herds. Among
isolated herd-years, 15% were isolated for
the four successive cycles (from 1998 until
2001) and could be considered as strictly
isolated herds.

Open source herds represented 33% of
the herds. Among heifer herds, 83% were
open source herds, but representing only
0.2% of this category. Depending on the
herd-year type and the fattening unit, open
source herds represented 22% to 62% of
the herds, except in ‘s’ herds (10%). The
proportions were smaller in herds without
a fattening unit. Dairy herds (‘D’) with-
out a fattening unit were the main group of
open source herds (26%). All the ‘D’ herds
represented 44% of the open source herds.
All the ‘D-sB’ herds represented 20% of
this category. The other herd-year types
represented each less than 7% of it.

Among destination herds, 12% (i.e. 5%
of all the herds) introduced only 1 or
2 males older than 20 months for reproduc-
tion.

3.4. Transfers of cattle per herd-year
type and fattening unit

When excluding small herds (‘s’) and
specialised fattening herds (‘VCF’, ‘BF’),
87% of the remaining herds were source
herds (90% of the herds without a fatten-
ing unit or with a VCF unit and 83% of the
herds with a BF unit; Fig. 3).

As expected, the average yearly number
of animals per source herd and the type of
animals transferred to other herds varied
largely between herd-year types (Tab. II).
The presence of a fattening unit had al-
most no influence (results not shown). The
number of transferred animals increased
with the number and the size of the pro-
duction units. However, the rate of ani-
mal transfers was larger in herds with a
small production unit than in herds with
a large one of the same type (‘D’ or
‘B> or ‘D-B’). On average per year, ‘s’
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per type and fattening unit (see Tab. I): (a) no

fattening unit (with three different scales); (b) VCF unit; (c) BF unit. Herd-years are categorised as
isolated (white; no transfer, no introduction), closed source (black; transfers but no introduction),
open source (hatching; transfers and introductions), strictly destination (dotted; introductions but

no transfer).

source herds transferred 3 animals; herds
with only small units (‘sD’, ‘sB’, ‘sD-sB”)
transferred less than 10 animals; herds with
1 large unit (‘D’, ‘B’, ‘D-sB’, ‘B-sD’) and
heifer herds transferred 10 to 20 animals;
herds with two large units (‘D-B’) trans-
ferred 20 to 30 animals. Unexpectedly, spe-
cialised fattening herds (‘VCF’, ‘BF’) also
transferred on average 10 to 20 animals.
However, the distribution was very skewed
with a low median and few high values.

As expected, mainly dairy herds (‘D’,
‘sD’, ‘D-sB’, ‘D-B’) transferred preferen-
tially [0-1[ mo calves (50 to 75% of the
transfers; Tab. II); mainly beef herds (‘B’,
‘sB’, ‘B-sD’) transferred preferentially [1—
20[ mo cattle (65 to 75% of the transfers).
Females older than 20 mo represented 14
to 18% of the transfers from herds with
at least a large production unit (‘D’, ‘B’,
‘D-B’, ‘D-sB’, ‘B-sD’); they represented
25 to 39% of the transfers from herds with
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Table II. Yearly number per source herd of cattle transferred to other herds of a given herd-year type
(see Tab. I): mean, percentiles 50 and 95, and proportions of calves (0—1 mo) juveniles (1-20 mo)

and females older than 20 mo in the transfers.

# of cattle % of the transfers
Herd-year type Mean Perc. 50 Perc. 95 [0-1[mo [1-20[ mo Females > 20 mo
S 3 2 8 18% 33% 45%
D 13 11 34 74% 7% 18%
sD 8 6 24 47% 13% 39%
B 18 14 48 7% 76% 14%
sB 7 5 18 7% 64% 25%
D-sB 14 12 36 71% 10% 17%
sD-sB 8 6 22 36% 30% 30%
D-B 22 18 52 57% 26% 15%
B-sD 20 15 57 15% 64% 17%
Heif. 21 14 49 0% 17% 83%
VCF 15 1 102 55% 45% 0%
BF 16 2 58 10% 71% 1%

only small production units (‘sD’, ‘sB’,
‘sD-sB’). As expected, they were the main
type of transferred animals from heifer
herds (80%), but also from ‘s’ herds (45%).

3.5. Introduction of cattle per herd-year
type and fattening unit

3.5.1. Destination herds

Whatever the herd-year type, the pro-
portion of destination herds per herd-year
type was much lower than the proportion
of source herds (Fig. 3). When excluding
small herds (s) and specialised fattening
herds (VCF, BF), 45% of the remaining
herds were destination herds, this propor-
tion being smaller in herds without a fat-
tening unit (40%) than in other herds (57%
of the herds with a VCF unit; 49% of the
herds with a BF unit). Only 36% of the
dairy herds (D) without a fattening unit
were destination herds, compared to more
than 45% of the herds in the other herd-
year types without a fattening unit. More
than 80% of the ‘sD’ herds with a VCF unit
were destination herds, against less than
65% of the herds in the other herd-year
types with a VCF unit.

The average yearly number of introduc-
tions per destination herd was influenced
by the herd-year type. As expected, it was
much higher if a fattening unit (especially
a VCF) was present (Fig. 4a). The num-
bers of introductions were highly variable
within herd-year types, especially in herds
with a fattening unit (Figs. 4b, 5).

3.5.2. Introductions into herds without
a fattening unit

Half the open herds without a fattening
unit introduced from 1 to 3 animals per
year (Fig. 5a). Twenty-five percent intro-
duced more than 6 animals. The number
of introductions increased with the pres-
ence of a beef production unit (Fig. 4a).
Open ‘s’ herds introduced an average of
3 animals per year, with 33% of the ‘s’
herds introducing only 1 animal. Heifer
herds introduced an average of 26 animals.
In herds without a fattening unit, 0—1 mo
calves represented less than 22% of the in-
troductions. However, more than 25% of
the herds introduced at least 1 calf (0—
1 mo) or 1 juvenile (1-20 mo). Mainly fe-
males older than 20 mo were introduced,
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Figure 4. Average yearly number of introduced cattle per destination herd, for each herd-year type
(see Tab. I) and fattening unit (white: no fattening unit; black: VCF unit; dotted: BF unit): (a) mean
number; (b) 50 (histogram) and 95 percentiles (circle). The exact values of the associated percentiles
are boxed in numbers (p50/p95). ‘VCF’ (p50 = 385; p95 = 1044), ‘BF’ (pS0 = 79; p95 = 1026) and
‘s’ (pS0 = 2; p95 = 9) herd types are not represented.

representing more than half the introduc-
tions in all herd-year types except ‘sB’
herds (22%). As expected, hardly any dairy
males were introduced and the breed of the
introduced females was closely related to
the main production unit (D, B or both;
Fig. 5a). As expected, the number of intro-
ductions of dairy females and of animals
older than 20 mo were highly variable.

3.5.3. Introductions into herds with
a fattening unit

Herds with a VCF or BF unit had a sim-
ilar heterogeneity in the number of intro-
ductions of cattle older than 20 mo than
herds without such units (Fig. 5).

As expected, specialised fattening herds
introduced the highest number of animals
with an average of more than 200 ani-
mals per year. Among other herds with a
fattening unit, dairy (‘D’, ‘sD’) and beef
(‘B’, ‘sB’) herds introduced more ani-
mals than mixed herds (‘D-sB’, ‘B-sD’,
‘sD-sB’, ‘D-B’). The proportion of dairy
males in the introductions varied from 20
to 70% and the proportion of dairy females
in the introductions was less than 30%.

Among herds with a VCF unit, 25% in-
troduced more than 300 animals (Fig. 5b),
whereas 50% introduced less than 25 an-
imals. Among specialised ‘VCF’ herds,
95% introduced more than 100 animals
and half introduced more than 385 animals.
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Among dairy herds (‘D’) with a VCF
unit, 50% introduced less than 18 ani-
mals (Fig. 4b), but 25% introduced more
than 170 animals. Calves (0—1 months old)
were the main type of introduced animals
(Fig. 5b), representing on average 60 to
90% of the yearly introductions, depending

on the herd-year types. Beef animals (in-
cluding around 40% of cross-bred animals)
represented 20 to 35% of the introductions.
The number of introductions of 0—1 mo
calves and of dairy males were the most
variable (Fig. 5b), with 25% of these herds
introducing more than 200 dairy males.
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Introductions were also heterogeneous
between herds with a BF unit. Half these
herds introduced less than five animals
(Fig. 5c¢), whereas 10% introduced more
than 64 animals. Among specialised ‘BF’
herds, 25% introduced more than 200 ani-
mals and 25% introduced less than 20 an-
imals. The number of introductions of 1—
20 mo and of beef animals were the most
variable (Fig. 5c). Calves (0—1 months old)
were the main type of introduced animals,
representing overall 60% of the introduc-
tions. Dairy males represented overall 45%
of the introductions, with some herds intro-
ducing a large number of dairy males (e.g.
5% of the ‘sD’, ‘B’ and ‘sB’ herds intro-
duced more than 200 dairy male 0—1 mo
calves; 10% of the specialised ‘BF’ herds
introduced more than 400 dairy male 0-
1 mo calves). Beef animals (males and fe-
males) represented overall 44% of the in-
troductions, including around half cross-
bred animals.

3.6. Relationships between source
and destination herds

In 80% of the pairs between one source
and one destination herd, only one animal
was concerned in a given year. In 99% of
these pairs, less than seven animals were
concerned, the maximum number being
287 animals for one pair in a year.

Open source herds with both more
than 10 destination herds and more than
10 source herds represented at least 0.5%
of the herds (i.e. 180 herds-year). Open
source herds transferring more than 30 an-
imals and introducing more than 10, 30, or
50 animals represented respectively 3, 1.3
and 0.7% of the whole population of herds
(i.e. respectively 918, 459 and 230 herds-
year).

3.6.1. Number of source herds per
destination herd

The number of source herds per destina-
tion herd per year was closely related to the
number of animals introduced in the herd,

i.e. to the fattening unit and the herd-year
type (Fig. 6). Forty-five percent of the des-
tination herds had only one source herd and
19% had two source herds. The maximum
number of source herds was 787 herds.

Overall, herds without a fattening unit
had on average 2.4 source herds, 95% hav-
ing less than 7 source herds. All herd-year
types had less than four source herds on
average, except ‘B-sD’ herds and heifer
herds. More than half the ‘B-sD’ herds had
less than two source herds, whereas 20%
had more than 10 source herds (Fig. 6a).
Half the heifer herds had more than six
source herds, with 5% having more than
22 source herds.

Overall, herds with a VCF unit had an
average of 51.2 source herds, with half
having less than 8 source herds and 10%
having more than 160 source herds. The
number of source herds varied strongly
within and between herd-year type. More
than 60% of the specialised “VCF’ herds
had more than 70 source herds (Fig. 6b).
Forty percent of the ‘sB’ herds had more
than 70 source herds, with 25% having
more than 120 source herds. On the con-
trary, more than 90% of the ‘D-B’ herds
had less than five source herds. In between,
in herd-year types such as ‘D’, ‘sD’ and
‘B’, half the herds had less than 10 source
herds whereas almost 20% of the herds had
more than 70 source herds (Fig. 6b).

Overall, the herds with a BF unit had
an average of 10.8 source herds, with half
having less than 2 source herds and 5%
having more than 42 source herds. Spe-
cialised ‘BF’ herds had an average of
60 source herds (Fig. 6b), with 47% having
less than 10 source herds and 10% having
more than 190 source herds. In all herd-
year types, 75% of the herds at least had
less than five source herds (Fig. 5b). In the
mixed (‘D-B’, ‘sD-sB’, ‘D-sB’, ‘B-sD’)
and the dairy (‘D’) herd-year types, 5% of
the herds had more than 18 to 33 source
herds (depending on herd type); in the
other herd-year types (‘sD’, 'B’, ‘sB’),
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Figure 6. Proportions of destination herds per herd-year type (see Tab. I) and fattening unit (a: no
fattening unit; b: VCF unit; c: BF unit) having x source herds (white: [1-2] source herds in (a) and
(c), [1-5] in (b); dotted: [3-5] in (a) and (c), [6-20] in (b); hatching: [6—10] in (a) and (c), [21-70]

in (b); black: > 10 in (a) and (c), > 70 in (b)).

at least 5% of the herds had more than
100 source herds.

3.6.2. Number of destination herds
per source herd

The number of destination herds per
source herd per year depended mainly on

the herd-year type (Fig. 7), without any in-
fluence of the presence of a fattening unit.
Source herds had an average of 6 destina-
tion herds, 18% of the herds having only
one destination herd and 12% two destina-
tion herds. The maximum number of desti-
nation herds was 60 herds, with more than
20% of the herds with a large dairy unit
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Figure 7. Proportions of source herds per herd-year type (see Tab. I) having [1-2], [3-5], [6-10] or

> 10 destination herds.

(‘D’, ‘D-sB’ and ‘D-B’) having more than
10 destination herds (Fig. 7).

3.6.3. Stability of the relationships
over the years

The renewed presence of pairs between
herds over the years concerned only 7%
of the pairs for two consecutive years and
2% for four consecutive years. Two herds
paired for two consecutive years had a
greater chance to be paired longer, i.e. 20%
and 60% of the herds paired for respec-
tively 2 and 3 consecutive years were ac-
tually paired for four consecutive years.
Among pairs renewed for at least three
consecutive years, destination herds with-
out a fattening unit were more represented
than among all the pairs (27 vs. 13% of
the destination herds), whereas destination
herds with a VCF unit were less repre-
sented (33 vs. 45%). No difference was
found in the type of source herds.

3.7. Localisation of the source herds
and of the introduced animals

Since most pairs between one source
and one destination herd concerned one an-
imal, the geographical origin of animals in-
troduced in a given destination herd was al-
most equivalent to the geographical origin
of its source herds. Here, we only present
the geographical origin in terms of intro-
duced animals.

On average, 52% of the introduced ani-
mals came from outside Brittany, 23% out-
side of the western-France area (Brittany,
Pays de la Loire, Lower-Normandy). In
herd-years without a fattening unit, with a
VCEF unit or with a BF unit, the proportion
of introductions coming from source herds
located in Brittany averaged respectively
85%, 39% and 49%. This proportion av-
eraged 81% and 96% of the introductions
in ‘s’ and heifer herds, respectively. It av-
eraged 38% and 42% of the introductions
in specialised ‘“VCF’ and ‘BF’ herds.

3.8. Flow of animals between herd-year
types

The average number of animals trans-
ferred per year from one source herd to one
destination herd was 1 to 3 animals, de-
pending on the herd-year type.

Globally, cattle movements from dairy,
mixed and beef herds represented respec-
tively 57%, 31% and 10% of all the ob-
served cattle movements, whereas these
herds represented respectively 44, 23 and
9% of the herd-years. Movements from
dairy herds without a fattening unit repre-
sented 38% of the movements, those from
mixed herds with a BF unit of 20%, and
those from dairy herds with a BF unit of
15%. The other types of source herds rep-
resented each less than 6% of the move-
ments. Cattle movements from dairy herds
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without a fattening unit to specialised
‘VCF herds represented 10% of the move-
ments. Cattle movements from dairy herds
without a fattening unit to other dairy herds
without a fattening unit represented 5% of
the movements. These two flows were the
largest ones. Movements from small herds
(‘s’) represented 2% of the movements.
Globally, movements to dairy, mixed and
beef herds represented respectively 31%,
22% and 15% of the movements. Move-
ments to specialised ‘“VCF’ and ‘BF’ herds
represented respectively 21% and 8% of
the movements. Movements to ‘s’ herds
represented 3% of the movements. Move-
ments from and to heifer herds were a very
low proportion of the movements (less than
0.2%).

On average, dairy and mixed source
herds had six destination herds, mainly of
dairy type with a VCF unit, or specialised
VCF and BF herds. Beef herds had three
destination herds, mainly of mixed type
with a BF unit. Heifer herds had three des-
tination herds, mainly of dairy type without
a fattening unit. Small herds (°s’) had only
one destination herd, with two animals ex-
ported per year per small source herd.

The number of source herds per year per
destination herd was close to the number
of animals introduced per year per destina-
tion herd, because generally only one an-
imal was transferred each time. Only the
number of source herds is presented here-
after (Fig. 8). Dairy herds without a fatten-
ing unit was the main type of source herd:
all herd-year types of destination herds —
except beef herds without a fattening unit
and small herds — introduced animals from
1 to 53 of dairy herds. Herds without a
fattening unit had less than three source
herds on average, which were mainly dairy
herds without a fattening unit. As expected,
herds with a fattening unit had more source
herds, mainly of dairy type without a VCF
fattening unit. As expected, herds with a
VCF unit were not classical source herds,
and were only source herds for other herds

with a VCF unit or for specialised fatten-
ing herds. Movements to small herds con-
cerned on average two animals and one
source herd.

3.9. Theoretical risk of introducing
an infected cattle

For 30% of infected herds and 15% of
infected animals per infected herd on aver-
age (Fig. 1), the risk was higher than 30%
for all herd-year types (Fig. 9a). It varied
from 32 to 81% for herds without any fat-
tening unit and from 75 to 100 for herds
with a fattening unit (VCF or BF).

When implementing a herd test detect-
ing all herds with a prevalence above 30%
and when preventing detected herds from
being source-herds, the risk remained al-
most the same. Among remaining source-
herds, the herd-level prevalence decreased
only to 28% and the average within-herd
prevalence to 13%.

For a better test detecting all herds with
a prevalence above 10%, the risk highly
decreased (Fig. 9b). The herd-level preva-
lence decreased to 9% and the average
within-herd prevalence to 2%.

As a general example, herds introduc-
ing one animal per year had a risk of in-
troducing an infected animal of 5% if no
control, 4% with the first test, and 0.2%
with the second test. Herds introducing five
animals per year had a risk of respectively
21, 17 and 1%. If 100 animals were intro-
duced, the risks became respectively 99%,
98% and 16%.

4. DISCUSSION

4.1. Method to describe between-herd
animal movements

The method used here to define the
types of cattle herds in Brittany is only re-
lated to the presence or absence of animals
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Figure 9. Theoretical risk of introducing an infected animal into a herd per herd-year type (see
Tab. I) and fattening unit (none; VCF: veal-calf fattening; BF: bull fattening) for a beta distributed
prevalence of mean 15% (Fig. 1) and a herd-level-prevalence of 30% (a) without any control;
(b) with a test detecting all herds with a prevalence above 10%, movements from these herds being

not allowed.

per category and the size of each produc-
tion unit in animals-day. Hence, because
animal movements were not used in their
definition, the herd types could be used
to describe variations in the numbers and
types of between-herd movements. How-
ever, as a consequence of our choices to
define herd types, it was not possible to
identify herds with both a veal-calf fatten-
ing unit and a bull fattening unit from herds
with only a bull fattening unit. Hence, both
herd types were grouped and defined as
having a bull fattening unit. To distinguish
between these herd types, the age of ani-
mals being slaughtered should have been
taken into account.

The type of each herd was defined for
each year of the survey. A yearly time step
was chosen for two reasons. First, changes
in farmer’s decision between years, such as
stopping or starting a fattening unit, could

be accounted for. Second, the time step was
long enough to characterise herd structure
regardless of its variability over the one-
year production cycle.

The between-herd flow of cattle was
highly variable between herd-year types
and fattening units, but also within herd-
year types. This confirms that mean values
are not sufficient to describe between-herd
animal movements. The percentiles and the
distributions provide a description of this
heterogeneity.

The method is adaptable to other live-
stock areas. However, if the range of the
unit sizes may be equivalent in other ar-
eas (15 to 20 cows; [2]), the exact value
to define thresholds was chosen here by in-
spection of observed data and may change
for other areas. If the herd type definition
may be the same as described here, animal
movements may differ between livestock
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areas, mainly because of a change in the
dominant breed and livestock farming sys-
tem (i.e. dairy versus beef production sys-
tem). The number and the types of the ani-
mals available for replacement or fattening
is therefore likely to change. The number
of herds in the area, i.e. the area-specific
herd density, may also influence the num-
ber of pairs between herds.

4.2. Between-herd network due to
animal movements

A very large proportion of herds were
involved in animal movements whatever
the herd-year type: when excluding small
herds (‘s’), 94% of the herds were not clas-
sified as isolated herds. Among destination
herds, 7% introduced only 1 or 2 males
for reproduction. These males are gener-
ally carefully tested for infectious diseases
before introduction and can be considered
as not being animals at risk of introducing
pathogens in a destination. Hence, these
herds could be grouped with closed herds.
A third of the herds were open source
herds. Among open source herds, quite a
few herds had both numerous introduc-
tions coming from several source herds
(especially herds with a fattening unit)
and numerous destination herds, e.g. at
least 180 herds-year had both more than
10 source herds and more than 10 desti-
nation herds. Concerning the between-herd
propagation of pathogens transmitted by
direct contacts, these herds can be consid-
ered as super-spreaders. Because a large
proportion of the introduced animals in the
analysed data is of unknown origin, this
number is the minimum number of herds
that can play a role of super-spreaders.
When considering animal movements in-
stead of between-herd contact, herds that
both transferred and introduced more than
30 animals represented 1.3% of the whole
population of herds, i.e. 640 herds-year.

The network between herds due to ani-
mal movements was very dense and com-

plex. Most of the pairs between a source
and a destination herd concerned only one
animal. Hence, open herds had almost as
many source herds as introduced animals
and on average source herds are numer-
ous per destination herd. Each source herd
generally had several destination herds and
more than 90% of the pairs between a
source and a destination herd lasted for
only one year. All this may increase the
risk of disease transmission in the area by
increasing the probability that any destina-
tion herd has at least one infected source
herd.

Source herds were mostly of dairy
type, which transferred lots of animals to
other herds, especially the so-called 8-day
calves. Whenever these herds were closed
source herds, they can have an epidemio-
logical status at risk due to the potential
persistence of pathogens in a closed pop-
ulation or infection by another route (en-
vironment or reservoir species for exam-
ple). Open source dairy herds may highly
participate in the between-herds spread of
pathogens, especially if those transferring
animals to a high number of other herds.

On average, only 2 animals were trans-
ferred from or introduced into small herds
(‘s’) per year. However, these herds are
very numerous in Brittany and they are
related to all the other types of herds in
terms of introductions and transfers. More-
over, they are less aware of farm advice
and extension services. Even though small
herds were implied in only 2% of the in-
troductions and transfers, they represented
18% of the destination herds and 8% of the
source herds. As a result, small herds may
play a role in the between-herds spread of
pathogens.

Heifer herds (specialised in raising
dairy females for reproduction) are not
very numerous in Brittany. However, more
than 80% of these herds (i.e. around
20 herds per year) both introduced and
exported dairy females. Since each open
source heifer herd had on average 8 source
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herds and 5 destination herds, they may
possibly play a role of a super-spreader
for diseases for which adult cattle may
be infectious. However, this role may be
negligible compared to all the movement
between cattle herds in Brittany because
heifer herds represented only 0.1% of the
destination herds and 0.1% of the source
herds.

4.3. Risk of between-herd pathogen
propagation due to animal
movements

Animal movements are encountered in
highly variable quantities between almost
all herd types, and concern all animal
types. The herds that are at high risk of
being infected by the introduction of an
infected animal cannot be readily identi-
fied. In particular, the susceptible animals
and the infectious animals are not the same
for all the pathogens. For instance, con-
cerning the infection by Mycobacterium
avium subsp. paratuberculosis, the suscep-
tible animals are mainly calves, whereas
the infectious ones are generally adult cat-
tle [6]. Concerning the Bovine Viral Diar-
rhoea virus, the proportion of persistently
infected animals (shedding a high quan-
tity of virus) is higher in young calves,
due to mortality consecutive to infection.
However, pregnant females are at risk of
carrying a persistently infected foetus [8].
As a result, different herd types will be at
risk of spreading or being infected by the
disease, depending on the pathogen impli-
cated. Moreover, the structure and man-
agement of the herd, i.e. the herd type,
influence the within-herd pathogen trans-
mission once the pathogen has been in-
troduced [13, 14]. This within-herd preva-
lence may also sharply vary over time as
the herd infection progresses. A more de-
tailed analysis is needed to study the im-
pact of the between-herd contact structure
on the spread of pathogens, taking into ac-
count the dynamics of herd- and animal-

level prevalences for a given pathogen in
addition to cattle movements.

More than half the introduced cattle
came from outside Brittany. Management
of the animal movements between herds
may change over time and between live-
stock areas, because of movement restric-
tions for example. In case of a major infec-
tious disease outbreak, the between-herd
contact structure (i.e. number of source
herds and their health status) may be mon-
itored, in order to reduce the risk of intro-
ducing infected animals in a herd at low
risk of already being infected. The rela-
tionships between livestock areas with dif-
ferent monitoring systems will then be of
importance. The epidemiological risk con-
cerning a given pathogen may increase
for the introducing livestock area (Brittany
here) if the herd- or animal-level preva-
lences are higher in the source area and if
the introduced animals are at risk of being
infected.

The results presented here can be used
to evaluate the risk of introduction of a
particular pathogen in a herd, related to
the type of animals at risk. In particu-
lar, between-herd animal movements data
can be used to parameterise mathematical
models of between-herd spread of infec-
tious diseases.

5. CONCLUSION

In Brittany, large dairy herds and small
herds were the two main herd types. More
than half the herds had no fattening unit.
A third of the herds were open source
herds and 16% were isolated herds. Half
the introduced animals came from out-
side of Brittany. Open herds had almost
as many source herds as yearly introduced
animals. More than 90% of the pairs be-
tween two herds in a given year were not
renewed the next year. Source herds can
be of any type for almost all the types of
destination herds. In order to manage an-
imal movements, all herd types should be
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taken into account, even small herds. To
control the spread of pathogens between-
herd, herd testing and animal movements,
control may be effective if the test is able to
detect a high proportion of infected herds.
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