Additional file 1: Description of the used within herd model of
Map Spread

A Equations for the within-herd dynamic

The description of the model we used corresponds to the within-herd model described in [2] and based

on [11]. The set of parameters used are described in tables 1, 2 and 3.

Notations

In the following equations, X, is the number of animals in health state X at time ¢ and age a.
Age is given in weeks until the entry in the adult stage (from 1 to cal, with intermediary stages w
for weaning age, y for young heifers age, h for heifers age and u for maximal age in the susceptible
compartments), then by age group (P; to Psy). Some variables can have a prefix: "b" for births in
health states X (bX), 'N" for animals transiting between two health states (NX) and "s" for exits
(mortality and culling) (sX). After entering the adult stage, flows corresponding to aging are noted
using a superscript ng, whereas those remaining in the same age group are noted using a superscript
59. Nitq) is the number of animals of age a at time ¢. Average duration in health states are noted by

vx. The remaining terms used are defined when introduced.

Equations for the updating of variables describing health states

In this section we introduce the equations for the updating of variables corresponding to the health

states, for a given herd 3.
Susceptible (S) and No more Susceptible (R)

Strta=1) = bS) = NT(141,0)

St1,ae2:52) = [Sta—1) — 8St,a-1)] = NT(141,0)

Ri41,53) = St,52) — $5(1,52)

R4 1,0e5;cal)) = Rit,a—1) — $R(t,a-1)

R(t+1,P1) = R?gpl) - SR?thDl) + R(t,cal) - SR(t,cal)

R . . =RY_, . —sRY_ . +RY — sRY
(t41, P €[Po; Pa]) (t,P;) (t,P;) (t,Pi—1) (t,Pi-1)

n

Ry1,pop) = Bepsy) = sBpoy) + R?tg,le) o SR(t?PAL)



Transiently infected (7°)
Tit41,0=1) = 0T(s) + N1 41,0
Ts1,ae252) = [Tta—1) = 5T (t.0-1)] = NL(t41,0) + NT(141,0)

T41,ae53cal)) = [T(t,a-1) = 5T (t,a-1)] = NL(141,0)

Latently infected (L)
Lit41,0=2) = NL(t11,0)
Ltt1,aeisn) = [Lita—1) = SLta—1)] + NL(141,0)
Lit+1,aefhttseal)) = [Lita—1) = 8Lt.a—1)] = NIS(t41,a) + NL(t41,0)

Liy1,p) = [szpl) - Sszpl) + Lit,caty = 5Lt caty + Titcat) = 5T (t,caty] — NIS(141,Py)

Lig+1,pelpopa)) = [L'(Stg’Pi) B SLL(gtg,Pz‘) + szgj 1) SLZSPi—l)jI — NIS(t41,p,)

n

Lg1,psy) = [L(t,P5+) = sL(,psy) + LEL"«?PAL) N SL(t?Pz;)] — NIS(ii1p)

Moderate shedding (Is)

Is(y1,a=ht1) = NIS(441.0)

Is(i11,aeiht2cal)) = [I8(ta—1) = 5I8(t.a—1)] = NIC(151,0) + NI8(141,0)

IS(H—LFH) = {Isitg,ﬂ) — SISLEZPl) + Is(t,cal) — SIS(t,cal)} — NIC(H‘LPl) + NIS(t-‘rLPl)
IS(t41,Pe[Po;Pa)) = {Isfiq,ﬂ-) = sl py T sylp, )~ SISZ?PH)}
— Nl¢q1,p) + NIS11,p)

Is(t+17P5+) = |:Is(tvp5+) - SIS(t7P5+) + ISZ‘?PZL) - SIS?(/;?PAL)} - NIC(t+17P5+) + NIS(t+17P5+)

High shedding and clinically affected (Ic)

Teqita=h12) = NIC(ty1,0)

Ic(i,aeiprsical)) = LC(ta—1) — 8Ic(t,a—1)] + NIC(t11,q)

Ic(t+1’P1) = [Iciipl) — SICff,Pl) + Ic(t,cal) - SIC(t,cal)] + NIC(tJerl)
Iciia,peipypy)) = [Icf{sg,Pi) - SIC?iPi) + ICZ?Pi_l) - Slcszpi_l)] + Nlcgi1,p)

Le(in,pry) = Teupy) = s1ca,pey) T 16 0p,) =8I py +NIerp )



Equations describing flows

New incoming (and outgoing) flows in each health states are mainly drawn using binomial laws.

Births (bX)

At each time step ¢, births are calculated with regards to the health state of the dam. These births
are then distributed into S and T states

Ic L Is Ic

where bS()t() et bT()t() (X € R,L,1s,Ic) represent the number of births at time ¢ from cows in health

state X:
=5
bS(y ~ Bin (Rmcao +> [RZ?PZ-)] 1= ”B>
=1
bS(Lt) = nbv(f) — bT(%), ~ Bin (nbV ;DL * Soles)
bS(Its) _ nbVé)S — bTé‘;, ~ Bin (n pls * @pLh)
il =, ol i (o)

In equations above, an()t() is the number of female calves alive born at time t. It is obtained from

nbV(ig, the number of female calves born at time ¢, from cows in the health state X:

1=5
nbV( t) ~ Bin (L(t cal) + Tt ,cal) + Z {L?tgp } — UB)

=5
nbVéS9 ~ Bin <Is(t,cal) + Z {Is?t?ﬂ»)] 01— 03)
i=1

nbVi§ ~ Bin <Ic teal) Z [ tp)} UB>

We note that at the age of moving in the adult group (cal), all the animals in the health state 7" enter
the health state L (L caty = Lt,cat) + Tt,cat))- ¥p. 18 a factor, varying from 100% to 0%, of decrease

in probability of in utero transmission where x correspond to the dam giving birth in health states L

and Is (SopLIS) or Ic (@plc)‘

Change in age group (X7*)

Xy =X py+ X py

1
) ; where X ={R,L,Is,Ic},
Taa

X(py ~ Bin (X

and 74, is the average time spent in each of age group P; to Pj.



Exits (sX)

The mortality of calves during the first week of life is applied at birth and defined above in the section
concerning births.

From age 1 to cal, mortality and culling rates o, are defined as:
e a€{l;2} 50, =04
o a€ 3w = o, =0c
e a€w+ljcal] » 0, =03
Then, exits following death and culling write as:
fora=1:
X(1a) ~ Bin (Xai0.), where X = {S,T},
for a € [2;4] :

5X(t,q) = sale + death, where X = {S,T, L}
sale ~ Bin (X(t’a); am)

death ~ Bin (X(t,a) — sale; ax)
for a € [5;cal —11] :
$X(t,a) ~ Bin (X(t,a);0z> ;. X={S,RT,L}

for a = cal — 10, we consider management by heifers (safe management, keep all female calves):

5 5 5 5
Cowsgy =Y Ripy + D Lapy + Y Isary + D _Ieqr,)
=1 =1 =1 =1
u cal cal cal cal cal
Heiferswy =3 Sga)+ D R + 2 Tea) + D Loy + D Is¢a) + D Icpa
a=1 a=u-+1 a=1 a=1 a=1 a=1

If the number of heifers, Heifers, is greater than K or that the number of cows, Cowsy), is
greater than K,, we consider the sale of heifers:
5X(t,q) = sale +death ; X ={R,T,L,Is,Ic}
sale ~ Bin (X(t,a);exp (—O’h.(COwS(t)/KU)G).((HeifeTS(t)/Kg)6)>
death ~ Bin (X(t’a) — sale; O'x>
where K, is the capacity of the holding in number of cows (see Table 1) and K, = op* K, *(cal —h)

is the capacity of the holding in number of heifers.

Otherwise, we do not consider the sale of heifers:

SX(t,a) ~ Bin (X(t@); O‘z>



for a € [cal — 9; cal]:
sX(t,a) = Bin (X(t,a); ax)

for a € [Pr; Ps+]:
sXé’PZ,) ~ Bin (Xé,Pi);JPO ,  where X ={R, L, Is},
slcftypi) ~ Bin (Icapi); Ui)

where vj. corresponds to the average time spent in the health state Ic.

New infections (S — T, except for in-utero transmission)

We have:

NT{t41,0) = M f(q1,0) T 0 (141,0) T mf(ltﬂ,a) + i”f(%ﬂ,a)

Superscripts correspond to different possible routes of transmission, respectively colostrum (c), milk
(m), local environment () and global environment (g). New infections by in-utero transmission are

accounted for through births.

By age, the possible routes of infection are:

0 — 1 —---— weaning — ---— grazing allowed — -.--— limit of susceptibility
~~ —— N—— ——

cmlg mlg lg ?ﬁdtglggr: gl

Transmission through colostrum

It is consideblackcol that calves drink colostrum from their mothers during the first three days before

drinking milk:

bSIs

] < By gl
mf(ctJrl,a:l) = Z lBern (1 — exp (_ ac >>

1

bs[c

(t) c
+ 21: [Bern (1 —exp <—5lsi ))] ,

g* ~ Bern(shrs) x 3 x b (10°. Beta(8;8) + 1+ 10° Beta(1;25) ) | + o Milkr,

with

qi° ~ Bern(shre) x |3 x b (10°. Beta(8; 8) + 1003+ 10-5etaG0200)) | 4 itk

Where oMilk, is a factor, varying from 100% to 0%, of decrease in quantity of bacteria shed in

colostrum and milk by an animal in health state = (here z could be Is or Ic)



Transmission through milk

Regarding the age, we have:

o m : , Bia s
a=1: an(t+17a)~an bS;1 —exp | — 5 ,

a€{2w}: infliy, ) ~ Bin ({S(t,al) - SS(t,aﬂ)} ; [1 - exp(—e(V(al)).ﬁl QZ>D ,

(6%
with
7% d X% ( mzlkz + szlk)
. Ic(t)
@@= MllkTOt( t) ’
where
nbE'xcr(t) nbLac(t)
Qrill = Txexgrsx | > (10°.Beta(8;8))+ > (14 10%.Beta(1;25)) | * pMilkrs,
1 1
nbEmcr<t> nbLacgtC)
Qrith = Txexgrex | Y. (10°.Beta(8;8)) + Y 100108002000 o oaritky,,
1 1

Mz'lk‘Tot(t) = 7TxXeXx (nbLac& + gL.nbLacé) + gjs.nbLac{ts) + gjc.nbLac{tc)) .
with
nbEmcr(Its) ~ Bin nbLacff); sh[s> ,

nbEmcr(ItC) ~ Bi nbLac{tc); sh[c) ,

L~

nbLac};‘

2
@
=

R(t,Pi) ) p?”Op) )

).

nbLath

nbLac{) ~ Bin

b
oy
~.
3
=
Y
3
3
3

nbLac{tC) ~ Bin

Local transmission (in collective pens, a € [1;u])

infiy1,0) ~ Bin (S(tva—l) - SS(t,a—l);anf(tﬂ,a)) :



where

during housing period:

, o BE
Pinf(t+1,0) = 1 — €2p <_e( " 1))’0‘]\7(51:1)) o

during grazing period, regarding the age,

| BBl
a€[1;26) 1 pisr1a) =1 —exp (—e('Y(al)).i ,

| BB
a€2Tul: plrgaiie =1—exp <_e(—’7(a—1)).i '

N (it +1) is the total number of animals in environment i, across all health states, and E’ represents the

quantity of bacteria in the environment, with ¢ corresponding to the specific area.

Global transmission

This occurs up to the age allowing to go to the pasture (26 weeks - 6 months) during the grazing

period, and up to the age limit for sensitivity (u) during the housing period:

inffs1 g~ Bin (S = 5Stai Paina)

where
BgE€t+1) . = i
p?nf(t—i—l,a) =1—exp (—exp[—h(a — 1)].m ,  with Eéﬂ) = ;EthL)

E™Ti represents the quantity of bacteria in the environment where INTi corresponds to a specific area

(see the section below about the dynamics of bacteria in the environments).

New latently infected (T — L)

For a < cal:

. 1
NL(441,ae[2;cal—1]) ~ Bin <T(t,a) — 8T{4,0); vT) :

After age cal, there are no more animals in T state:

NL(ty1,p) = Lit,cat) — STt cat)-



New subclinically infected (L — Is)

For heifers:

. 1
NIS(141,ae[h+1;cal]) ~ Bin (L(t,a) = $Lt,a); vL> :

For cows:

1
NIs(11,p,) ~ Bin <n; UL> ,
with, regarding the age,
P —n= {szpl) - Sszpl) + L(t,cal) - SL(t,cal) + T(t,cal) - ST(t,cal)] )
{Po; Pa}y == [szPi) - SszPi) + LE;‘?Pifl) N SL?(?PFQ} !

Ps; —»n= [L(t,m) —sLpy) + Lilp,) — SLZ?P@} '

New clinically infected (Is — Ic)

For heifers:

. 1
NIC(t41,ae[ht15cat)) ~ Bin <Is(t,a) — 818(4,0); v1> ~
S

For cows:

1
Nlc N\ ~Bin (n; > ,
(t+1,P;) Ul
with
P —n= [Isigpl) - SIS?ZPI) + ]S(t,cal) - SIS(t,cal)} ’

{(Poi Pi} > = I8} ) = sIsid o)+ Isip ) = sIsip ]

Psp = n= [I S(t.Ps) — 15 pon) + I5(lpy — 51 SZ?P@} '

New resistant (S — R)

At age u, the transition from compartment S to compartment R is done in a deterministic way.

Dynamics of bacteria in the environments (E)

The composition of the environments according to the season is the following:

INT1 INT2 EXT1+EXT2 EXT3

Grazing ca=1-++--uur Wowworrens DO vve v e hoeoeonoo, cal




—~
Housing a= 1 ......... T R I y ............... h ............ cal

Dynamics of bacteria in the environments (E) are defined below:

EF;E) E@I)Tl (1-— mt) + QTNS If pens are empty, it becomes EEtNﬂ) E%ﬁ{) (1

@ represents the quantity of bacteria shed.

During grazing period, we have:

EétN—&T—%) E%tN)TQ.(l . mt) + QTsl

IF S SRt S Tut S Loa==0 then ENT = EBT2 (1
a=w+1 a=w+1 a=w+1
ERTS) = EAL - i)
Bty = By (1= pg")
Bt = By -1 = p")
Ea)f]_l) a))(Tl(l el’t)_l_QTSQ
Ea)ff) E(Et))(TQ.(l B ext) n QTY

Ea}fﬁ) — E(E;)(TS.(l _ ea:t) Q QISH + Q%tC)H

During housing period, we have:

EétNii) — EEI;I)TQ'(l _ znt) + QTsl + QTSQ

a=>52 a=>52 a=>52
If Y SRia+ > Tiat+ D, Lia==0 then EJT3) = E}1).(1
a=w+1 a=w+1 a=w+1
Ea‘ﬁ?) — EEI;I)T?)‘(l _ znt) + QTY

EF;T-%) Elt\I)T4 (1 . mt) + QTH + QISH + QICH
EEtN—&T—?) Ezl;l)T5'(1 _ mt) + le + QIC

EXY =0, EFH =0, EGN =0

Shed quantities of bacteria are defined, regarding the health states and the age, by:

unweaned calves T:

a=w T(t,a)
Q(Ttl)vs - Z 7.£1.106. Z Beta(8.8; 19)] * p faecesr,
a=1

weaned calves T, without access to grazing:

a=26 Tit.a)
Q(T:Sl = Z {7_f2,106, Z Beta(8.8; 19)] * i faecesr,

a=w+1

— ftep), Where

- Ncp)

— Hep)



weaned calves T, with access to grazing:

a=27

a=y T(t,0)
Q=" [7_f2.106. > Beta(8.8; 19)] * o faecesr,

young heifers T
a=h T(t,a)
Qi = > |7-fv-10° ) Beta(8.8;19)| * pfaecesr,
a=y+1
heifers T:

a=cal |: Tit,a)

QE%{ = Z 7.f4.10°. Z Beta(8.8; 19)] x pfaecesp,

a=h+1
heifers Is:
a=cal a=cal Is (.0
if Z (Is(t’a)> >0 : Q%;i{ = Z [7.]‘",4.10(4"'10XZ ’ Beta(2.65;17))] * o faecesys
a=h+1 a=h+1

else Q%;H =0,

cows Is:
= s 4410x S P Beta(2.65;17
if Z (Is(t,Pi)> >0 : Q(i‘) = Z [7.f,4.10( +10x3 7 (4F) Beta(2.65; ))} * pfaecesyg
i=1 i—1
else Q%f) =0,
heifers Ic:
a=cal a=cal Ie
if Z (IC(M)) >0 : Q%)H = Z [7.fA.10(8+10XZ () Beta(2?17))] x pfaecesy,
a=h+1 a=h+1
else Q%tC)H =0,
cows Ic:
< I = 8+10x SR Beta(2;17
if Z (Ic(npi)) >0 : Q= Z 7.£4.108% x> ) Beta(2; ))] * pfaecesy,
i=1 i—1

else Q%f) =0.

pfaeces;, in the equation above is a factor of decrease in quantity of bacteria shed by an animal

in health state x. x could be T', Is or Ic.

10



B Parameters ralated to population dynamics

Table 1: Parameters for management and population dynamics used in the Mycobacterium avium subsp. paratu-

berculosis (Map) infection dynamics model within a structublackcol dairy herd (reproduced from [2], Table 1).

Notation Value Definition Source

oB 0.07 Mortality rate of calves at birth x, [17]

Om 0.206 Exit rate of male calves, weeks 2 to 4 (per week)

Oc1 0.015 Death rate of female calves, weeks 1 and 2 (per week) [17]

Oc2 0.0035 Death rate of female calves, weeks 3 to weaning (per week) [9]

Oc3 0.00019 Death rate of heifers from weaning to entry in adult group T

(per week)

oh 0.011 Sale rate of bblackcol heifers 10 weeks before 1st calving T

O Ai 0.27,0.25,0.31, Yearly culling rate of cows in adult group i: 1, 2, 3, 4 and *, [1]
0.31,0.62 above 5 respectively (%)

w 10 Weaning age (weeks) [12]

Y 52 Age when entering the young heifer group (weeks)

h 91 Age when entering the heifer group (weeks) *

cal 130 Age when entering the adult group (weeks) *, T

Taa 56.3 Mean time spent in adult age groups 1 to 4 (weeks) *, T

b 5 Quantity of colostrum fed to calves (L/day for 3 days) t

d 7 Quantity of milk fed to calves after 3 days (L/day/calf) T

prop 0.85 Proportion of lactating cows *

5 25 Quantity of milk or colostrum produced (L/day/cow) *

fi 0.5 Quantity of feaces produced by a non-weaned calf (kg/day) T

fo 5.5 Quantity of feaces produced by a weaned calf (kg/day) T

fr 10 Quantity of feaces produced by a heifer (kg/day) T

fa 30 Quantity of feaces produced by a cow (kg/day) T

Graz [14 — 26] Grazing period (1 being the first week of the year) 1

K. 110 Number of cows above which the heifer selling rate increases

*  Agricultural statistics.

1 Based on expert opinion.
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C Parameters related to infection dynamics

Table 2: Parameters for infection and transmission used in the Mycobacterium avium subsp. paratuberculosis

(Map) infection dynamics model within a structublackcol dairy herd (reproduced from [2] - Table 2).

Notation  Value Definition Source
DX Probability of in utero transmission for cow in health state X [4, 26]
pr = 0.149 X = latently infected (L)
prs = 0.149 X = subclinically infected (Is)
pre = 0.65 X = clinically affected (Ic)
u 52 Maximal age in the susceptible compartment (weeks) [6, 23]
0 0.1 Susceptibility follows an exponential decrease : exp(—vy(age — 1)) [27]
vx Mean time spent in health state X (weeks)
vr =25 X = transiently infectious (T) [21]
v = 52 X = latently infected (L) [16, 14]
vrs = 104 X = subclinically infected (lIs) [13]
vie = 26 X = clinically affected (Ic) T
shx Probability of shedding in colostrum or milk for a cow in health [20, 19]
state X
shp =0 X = latently infected (L)
shrs =0.4 X = subclinically infected (lIs)
shre =0.9 X = clinically affected (Ic)
@ 108 Map infectious dose [3]
B 5x 1074 x 7 Transmission rate if ingestion of an infectious dose (per week) i
Be 5x107° x 7 Transmission rate if one infectious dose is present in the local en- [21]
vironment (per week)
By 9.5x1077" x 7 Transmission rate if one infectious dose is present in the global [21]
environment (per week)
Bo 5x1078 x 7 Transmission rate if one infectious dose is present in the pasture i
(per week)
gx Decrease in milk production for cattle in health state X (per week) [15]
grs =1 —0.11 X = subclinically infected (lIs)
gre =1—0.25 X = clinically affected (Ic)
Lk Removal rate of Map from environment k [7. 24]
pit =0.4 all the environments (per week)
pett =1/14 all the environments (per week)
tep = 0.17 collective pens (when empty)

1 Expert opinions.

1 Parameters’ values are assumed.
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