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The model here presented describes the dynamics of adult Ostertagia ostertagi parasites in cattle in the
field. The model also describes the population of infecting L3 larvae subject to the conditioning process
while in the pasture as well as the inhibition-disinhibition process in ingested L4 larvae. The model has
two modules: one for the conditioning process and the other for the parasitic stage. The first module
determines the proportion of ingested L3 larvae that will go through an arrested stage of development,
or hypobiosis, and for how long depending on the weather conditions and the length of the period of
exposure in the pasture. The second one describes the adult population dynamics as disinhibiting larvae
and recently ingested larvae accumulate in the animal. The model has a discrete daily step and is parame-
terized using fuzzy inference systems of the Mamdani type (FM). Given that the inhibition-disinhibition
process is not yet fully understood, a series of perturbations on the different input variables were per-
formed with the purpose of analysing the model’s behavior. Simulations show that the adult population
exhibits two maximal peaks of infection in the hosts in December-January (Summer) and April-May
(Autumn). These high values are a consequence of hypobiotic larvae resuming their development at
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those times.
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1. Introduction

Ostertagia ostertagi is the predominant cattle parasite in the
temperate region of Argentina. The most important effects in the
cattle caused by deficient parasite control, or simple lack of it, are
losses ranging from calf mortality to significant reductions in ani-
mal weight gain as well as reductions in milk production. Mortality
israre, but it usually occurs as a consequence of bodily decay, nutri-
ent loss, diarrhea and dehydration. It affects less than 3% of the
post-weaning calves during their first winter. A reduction in weight
gain was estimated to affect some 18% of animals feeding in nat-
ural pastures and 25% of those feeding in pens. This reduction is
due to the lack of appetite and modifications on the digestion pro-
cess. According to tests performed in an experimental agricultural
station (INTA-EEA Anguil, Argentina) the largest losses occur dur-
ing the first autumn-winter grazing. Animals suffer losses ranging
from 18 to 44 kg in calves and 15 to 23 kg to steers. It is worth
noting that this gastrointestinal nematodosis produces a delay on
the sexual development of steers. An essay realized by INTA-EEA
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Anguil with Aberdeen Angus cattle yielded that steers with para-
sites reached the sexual maturity at 18 months of age while animals
without parasites reached it at 15 months (Suarez, 2005). From an
economic perspective, estimated costs in 1998 added up to some
22 million dollars in annual losses due to cattle mortality, and 170
million dollars caused by subclinic problems.

The life cycle of the nematode O. ostertagi is direct without
intermediate host. It has two stages, one called “free living stage”
(Egg-L1-L2-Infective larva (L3)) and the other “parasitic stage” (L3-
L4-L5-Adult). The free-living stage occurs on the ground, first within
the dung-pat and later on the grass. Larvae in the L1 and L2 stages
feed on fungi and bacteria. The infective larva (L3) is ensheathed
and does not feed. Following its ingestion by the bovine, L3 larvae
undergo a process of exsheathment in the rumen before the fourth
parasitic stage begins (L4). Then L4 larvae develop into the adult
stage. The prepatent period is usually about three weeks, how-
ever the parasite can arrest its development thus extending the
cycle for several months. This phenomenon is called hypobiosis,
inhibited development, or arrested development. For O. ostertagi
this phenomenon occurs in the early parasitic stage.

Previous studies (Fernandez et al., 1999; Liitzelschwab et al.,
2005) suggest that the inhibition process in O. ostertagi depends on
the weather conditions to which the infective L3 larvae are exposed
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on pasture, and the length of time that L3 larvae spend on pasture. In
temperate regions of the Northern hemisphere, hypobiosis occurs
in autumn and early winter (Couvillion et al., 1996), but in the
Southern hemisphere (particularly in Argentina) there is evidence
that this phenomenon occurs in spring and early summer (Fiel et al.,
1988; Suarez, 1990; Fernandez et al., 1992, 1999; Descarga et al.,
1994; Liitzelschwab et al., 2005).

In Argentina, the disinhibition process is not fully understood,
but based on results reported by Fiel et al. (2009) it is possible to
infer that the it occurs in two consecutive “disinhibition waves”,
the first extending from November to early January and the second
from mid-February to the end of April.

It is worth noting that the hypobiotic larvae are metabolically
depressed and, therefore, they are less susceptible to antihelmintics
such as Levamisole, Benzimidazoles, Ivermectin, Doramectin or
Moxidectin. Hence for an efficient sanitary control, it becomes both
important and necessary to understand the pattern of infection on
pasture and the effects post-grassing.

A model build by Ward (2006a,b) was based on dynamic sys-
tems theory. It is worth noticing that this model is not for just
Ostertagia, but for all gastrointestinal roundworms in cattle. Ward’s
model takes into account some aspects of the life cycle of parasites
that we do not consider adequate because of the above-mentioned
evidence. Ward considered that temperature is the only variable
that affects the inhibition-disinhibition process, but it is clear
that in this region more variables are involved in this process
(Liitzelschwab et al., 2005). On the other hand, the disinhibition
process in Ward’s model was considered to be constant, 130 days
post-ingestion, without taking into account the time of the year
when the larvae are ingested. As mentioned earlier, Fiel et al. (2009)
observed two distinct waves of disinhibition (early January and end
of February) under normal conditions in the Humid Pampas.

There are many experimental studies in Argentina that allow
proposing a descriptive statistical analysis about this problem
but there are no mathematical models about the dynamics of O.
ostertagi that are able to mimic this particular dynamics. In recent
years we proposed a model to estimate the time of development
from egg to infective larva (Chaparro and Canziani, 2010) and
a model of the free living stages (Chaparro and Canziani, 2010;
Chaparro et al., 2011). Here we propose a mathematical model for
the parasitic stage of O. ostertagi, including hypobiosis, adapted to
the environmental conditions in the Pampas region of Argentina,
which extends roughly from latitudes 30° S to 40° S. The model
describes the population dynamics of infective larvae (L3), hypobi-
otic larvae (L4h) and parasite adults (A). It is worth noting that with
the concatenation of this model to the above-mentioned ones the
life cycle of O. ostertagi is thus completed.

2. Materials and methods

2.1. Model description

As mentioned before, the model describes the population
dynamics of L3 larvae in the pasture, the hypobiotic larvae (L4h)
and adults (A) with a daily step. It takes into account the weather
conditions and the infection levels in pasture. Infection levels are
measured as number of larvae per kilogram of dried grass.

There is sufficient evidence that the processes of inhibition and
disinhibition are related to the weather conditions to which the
infective larvae were exposed before being ingested by the animal
(Fernandez et al., 1999; Liitzelschwab et al., 2005; Langrova et al.,
2008; Fiel et al., 2009). Therefore, the model is composed of two
modules. The first module describes the dynamics of the L3 larval
population in the pasture waiting to be ingested. The second mod-
ule describes the dynamics of the L4-L4h and adult populations
inside the animal. The conceptual model is shown in Fig. 1.

L3 population Exposure period Mortality in pasture
in pasture
Ingested L3
e Undergoing “normal” Undergoing “arrested”
development development
L4 < > L4i
Parasite <
population 75
3 weeks Time for resuming
(Adult) development
=
\ :
eggs

Fig. 1. Diagram of the model.

2.1.1. The model for the infective larvae population in the pasture
The dynamics of the population in the pasture is regulated by
weather conditions, more precisely by rainfall and temperature
(Chaparro et al.,, 2011; Fiel et al., 2012). From the view point of
the model, this dynamics can be summarized in two processes:

1. Contribution through migration of L3 from dung to pasture.
2. Reduction of the larval population caused by:

a. ingestion of larvae by cattle, and
b. natural mortality.

Let L3p(k) be the total number of L3 in pasture on julian day “k”.
The population dynamics is described by:
k-1
L3p(k) = CG(0) + Y Ci(k — 1),
i=1

(2.1.1.1)

where Cj(a) is the number of members of the jth L3 cohort, that is,
those larvae migrating to pasture on julian day j, with cohort age a.

Each cohort Gy (.), can only be affected by removal of L3 larvae
either by mortality or by ingestion. Then, the amount of L3 larvae
in each cohort m is described by:
Cm(a+1)=(1 - up(m, a))Cp(a) — p(m, a)l(a + m), (2.1.1.2)
where up(m,a)and p(m,a) are the mortality in pasture and the prob-
ability of a larva of the cohort Ciz(a) being ingested, respectively;
I(a+m) is the total amount of larvae ingested on a +m julian day by
cattle. A constant daily mortality rate on pasture of 0.003 was used,
following Leathwick et al. (1992).

Assuming a uniform distribution of L3 larvae in pasture, the
value p(m,a) is calculated by:

Cm(a)

= et (2.1.1.3)

p(m, a)
This description of individuals that compose the L3 population
on pasture allows keeping track of:

e the total number of larvae belonging to the ith cohort that were
ingested, and

e the length of time and the environmental conditions to which the
larvae were exposed.

This information is important for calculating the proportion of
L3 that will go through the inhibition stage.
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2.1.2. Model for calculating the amount of adult parasites in the
host

We assume that the length of time a L3 larva spends on pasture
does not directly affect the parasite population but does modify its
dynamics when inside the host.

Let I(k) be the amount of larvae ingested on julian day k. This set
is composed by larvae belonging to different cohorts. Therefore, if
I(G,k) is the set of ingested larvae from the Cj(k) cohort, then we can
calculate [(j,k) by:

Gi(k)
1G, k) = p(i, k)I(k +j) = ————
G, k) = PG, KU +) = 5005

Let phyp(j.k) be the proportion of hypobiotic larvae of the jth
cohort aged k, then the amount of hypobiotic larvae L4y(k) on day
kis:

I(k +j), (2.1.2.1)

k

Lay(k) =Y prypli KNG, K)-

j=1

(2.1.2.2)

Then the non-hypobitic larvae L4(k), those which go through a
normal development, are:

LA(k) = I(k) — LAy (k). (2.1.2.3)

Finally, the total amount of adults within the host on julian day
t is the sum of:

e the number of adults that survive from the previous of day, given
by (1 — u(6))A(t — 1);

¢ the number of L3 larvae ingested three weeks before (prepatence
period) which do not inhibit their development, given by L4(t —
21); and

¢ the number of hypobiotic larvae that resume their development,
given by

k

(ZMH(k + DHyp(k)) Vk/k + DHyp(k) = r)

Thus, the equation that describes the adult parasite population
is:

A(t) = (1 — p(E)A(t — 1)+ L4(t — 21)

>

Vk/k+DHyp(k)=t

L4y (k + DHyp(k)). (2.1.2.4)

where DHyp(k) is the disinhibition time.

Table 2
Base of rules for the fuzzy inference system used i calculating the proportion of
hypobiotic larvae (L4g).

Time Temperature Photoperiod Hypobiotic
1 2 2 2
2 2 2 3
3 2 2 3
4 2 2 2
1 3 2 2
2 3 2 3
3 3 2 3
4 3 2 1
1 4 2 3
2 4 2 2
3 4 2 1

2.1.3. Model for calculating the proportion of hypobiotic larvae
(L4n)

We construct a fuzzy Mamdani type inference system (FIS) (Klir
and Yuan, 1995; Nguyen and Walker, 1997) for calculating the pro-
portion of ingested larvae that arrest their development in response
to environmental conditions.

The input variables are:

e Length of time of exposure of the L3 cohort to environmental
conditions (days).

e Daily mean temperature (°C).

¢ Photoperiod in the study zone (hours).

These input variables were selected and their membership func-
tion were constructed based on the information reported in studies
carried out in the Humid Pampas region by Fernandez et al. (1999),
Liitzelschwab et al. (2005), and Fiel et al. (2009). The complete list of
membership functions and the base rules of the system are summa-
rized inTables 1 and 2, respectively. The surface output for different
exposure times are shown in Fig. 2.

2.1.3.1. Time of exposure. The period of inhibitory activity in the
Humid Pampas region is reported as starting at the end of August
and lasting until the end of December, which corresponds to
Spring—early Summer. Past the end of December, regardless of the
length of exposure, the capacity for developmental arrest seems to
be lost (Liitzelschwab et al., 2005).

Liitzelschwab et al. (2005) report a minimum time of expo-
sure to environmental conditions as well as the weather conditions
required for O. ostertagia larvae to arrest their development
within the host. During September-October, the length of time

Table 1
Membership functions of the fuzzy inference system (FIS) used in calculating the proportion of hypobiotic larvae.
Variable lingtiistica Name of membership function Type Parameters values
a b c D
T-m Z(x;a;b) 3 4
F1 Tri(x;a,b,c) 3 6 7
Time of exposure (input) F2 Tri(x;a,b,c) 6.5 8 10
F3 Tri(x;a,b,c) 9.9 12 14
T-M S(x;a,b) 13.5 16
D2 Z(x;a,b) 9.1 125
. X . D4 Tri(x;a,b) 9.1 125 15.5
Daily mean temperature (input) D6 Trix:ab) 125 16 19.8
D8 S(x;a,b) 16.5 19.8
Fot1 Z(x;a,b)
Daily photoperiod (input) Fot2 Trap(x;a,b) 111 13 144 14.55
Fot3 S(x;a,b) 14 14.7
Low Tri(x;a,b) 0 6 12
Hypobiotic larvae (output) Moderate Tri(x;a,b) 10 25 60
High Tri(x;a,b) 50 75 90




M.A.E. Chaparro et al. / Ecological Modelling 265 (2013) 56-63 59

\\
N
N
\\\\\\\\\\\ A \\\\ \\\
')}\\\\\\\\Q\\{“Q‘\\\\\\ N

‘\ T “‘“\\\\\\\\
\ \\\\\

.\.“
ALY
W ‘\‘\}

Ir, l an
R

il
”ll//f,’{l;////,l

40
10 10

h (Photoperiod) °C (Temperature)

) ‘ﬂﬂm;f ”rm,, =5

' ”lllll;""l
//
) ,f’;'f‘}’fff%’;’{j’/f».

40

10 10

h {Photoperiod) °C (Temperature)

Fig. 2. Output of the fuzzy inference system (proportion of ingested larvae that arrest their development) for (a) 3, (b)

conditions.

necessary to obtain some 50% of inhibited larvae under field con-
ditions was three weeks. During November, about 60% of parasites
were inhibited after only one week. In December, the time of expo-
sure was less than one week, but the activity stopped at the end
of the month. Beyond this period, the proportion of hypobiotic lar-
vae was assumed to be null. Thus, twenty weeks are the maximum
exposure time considered in this model. Based on these studies,
the use of five membership functions seems the most appropriate
for representing the twenty-week period (end of August-end of
December). The type of functions chosen and their parameters are
summarized in Table 1.

2.1.3.2. Daily mean temperature. After analysis of the data set of
daily mean temperatures from 1990 to 2008, we chose to construct
four membership functions. Each function has its maximum value
of membership corresponding to the deciles 2nd, 4th, 6th, 8th of the
data set, respectively. The type of functions and their parameters
are summarized in Table 1.

2.1.3.3. Daily photoperiod. During the essays carried out and
reported by Liitzelschwab et al. (2005), inhibition of more than 50%
of ingested larvae was found to occur with a photoperiod ranging
between 13 and 14 h. The highest proportion of L4y (average 75%)
in the hosts was found with a 14 h 43 min photoperiod. Therefore
a photoperiod function was formulated as:

24 2t
Phot(t) = ?ar cos (ftg(lat)tg (0.40935611 (ﬁ -1 405)))
(2.1.3.3.1)

where t is the julian day and lat is the latitude of the study zone.

For example, the photoperiod for Tandil (37°19'08” S) varies
from 9h 35’ (21st June) to 14 h 48’ (21st December).

From the view point of the inhibition phenomena, the ideal pho-
toperiod is between 12h 11 min a 14 h 55 min. Fiel et al. (2009)
report that for shorter or longer photoperiods the larvae do not
seem to be able to go through hypobiosis. It is worth noting that
Spring and Autumn have equal photoperiod amplitudes. Despite
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this fact, in Autumn the inhibition activity is null. We believe that
the differences are due to daily temperature and the fact that in
Spring the photoperiod is increasing while in Autumn the pho-
toperiod is decreasing. Three membership functions were used,
one corresponding to the Summer photoperiod, one for the Win-
ter photoperiod, and one for the Spring-Autumn photoperiod.
The type of function and their parameters are summarized in
Table 1.

2.1.3.4. The proportion of L3 that will become hypobiotic larvae (L4y).
The membership functions for the daily proportion of ingested L3
larvae that will become hypobiotic larvae were build based on
field essay data from Liitzelschwab et al. (2005). Fiel et al. (2012),
and experimental laboratory data from Ferndndez et al. (1999), as
well as expert empiric knowledge three triangular membership
functions were used to characterize the observed proportions. The
function parameters are summarized in Table 1.

2.1.4. Disinhibition

The function that models the photoperiod has four critical points
related to solstices and equinoxes (21st December, 21st March,
21st June and 21st September). The photoperiod function attains
the maximum and minimum values in December and June, respec-
tively, while the inflexion points correspond to equinoxes in March
and September. The rate of increase (derivative) of the photope-
riod function is positive from June 21 to December 21, but increases
from June 21 until reaching its maximum on September 21 and then
decreases until December 21. The hypothesis is that this change
in the velocity of function’s growth rate (second derivative) deter-
mines when the L3 ingested by the host resume their development.
The L3 larvae ingested before the Spring equinox seem to resume
their development before January. This period has at most 65 days.
The larvae ingested after the Spring equinox seem to resume their
development past March. Therefore this period lasts a maximum
of 5 months (Fig. 3).
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rate 0.05 (reference series, RS).

So the disinhibition time, in days, is modeled as:

240 — % if Phot(180) < Phot(t) < Phot(265)
DIRT(t) = ¢ 270 — % if Phot(t) > Phot(265) (2.14.1)
0 if otherwise

2.2. Model’s response analysis

Perturbations in the input data series (input variables) such as
photoperiod, temperature, and seasonal L3 availability in pasture
were performed with the purpose of analyzing the effect of each
input variables on the model output.

The simulations were performed using one data set of envi-
ronmental conditions corresponding to Tandil, province of Buenos
Aires, over the years 2006-2008.

A simulation was performed using the following input:

e A constant availability of L3 in pasture of 1000ind.day—!(each
day, 1000 L3 individuals migrate to pasture).

¢ Daily ingestion rate 0.05 (5% of L3 larvae in pasture ingested by
day).

e Temperature corresponding to Tandil, 2006-2008.

e Latitude: 37°19'59” S.

¢ The animals are fed in the same paddock during one year.

The result of this simulation is being called “reference series”
(RS) (Fig. 3).

The numerical experiments correspond to simulations in which
one of the input variables was disturbed while the others remained
fixed. The Hilbert projective pseudometric was used in order to
quantify the effect of perturbations (Caswell, 2001). This metric
measures the distance between two nonnegative vectors in a way
that depends only on their proportional composition, independent
of their absolute size. The metric is defined by:

X;
max; ( 3+ X:V:
i (y,) _ rnax,»’j log ( lJ’J)

min; () YiX;

d(x,y) = log

where x; and y; are the elements of vectors x and y, respectively.

Therefore, it is possible to classify each experimental series
through the effect that the disturbance produced in the output of
the model as compared to RS, the reference series.

2.2.1. Disturbance in temperature data

The temperature data series corresponding to Tandil over the
period 2006-2008 (X = 14°C; sd=5.4°C) was used to analyze the
response of the model. The temperature series was disturbed by
adding and subtracting 2.5°C and 5°C to every entry. Therefore,
four new temperature series with the same standard deviation (sd)
were obtained. The outputs of these simulations were called T_5 5,
T_seoc, T+a50¢, Tesoc, respectively.

2.2.2. Disturbance in photoperiod

Disturbances in the photoperiod were introduced by changing
the latitude in Eq. (2.1.3.3.1). This parameter change allows mim-
icking different geographical areas because there is a functional
relationship between latitudinal coordinates and the correspond-
ing photoperiod. The latitudes selected correspond to different
grazing areas of Argentina: Carmen de Patagones, province of
Buenos Aires (40°48'09” S); Junin, province of Buenos Aires
(34°35’38” S); Mercedes, province of Corrientes (29°11’05” S). The
outputs of these simulations were called F4q-, F350, F3g°, respec-
tively.

2.2.3. Disturbance in the seasonal availability of L3 larvae in
pasture

The availability of L3 in pasture is clearly seasonal; in particular
itis related to the seasonality of rainfall (Chaparro et al., 2011). The
input series for the simulations were generated by the following
function:

Py(i) = 1000 if iel[k, k+90]
LA ) otherwise :

This function represents daily amount of L3 that migrate to pas-
ture from julian day k until k +90. For example, if k=0 the function
represents Summer.

The outputs of these simulations we called Summer, Autumn,
Winter and Spring, respectively. It is worth noting that these
simulations represent very unrealistic situations, but from a com-
putational experimental viewpoint is a good way for investigating
the particular effect of each season-population on the disease
dynamics. The results of these simulations tell in which way the
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Table 3
Hilbert distance from the reference series (RS) output to the output of simulations
using perturbation series.

Distance of Hilbert to Rs Temperature
T s-c T _2s5:c Tasec Ts-c
1.612 0.777 0.323 1.117
Distance of Hilbert to Rs Photoperiod
F3o F3s Fa0
0.311 0.121 1.023

larvae produced in just one season contribute to maintaining the
infection.

3. Results and discussion
3.1. Response of the model to perturbations in input variables

3.1.1. Disturbance in temperature data

The values of the Hilbert distance of each output to RS showed
that the series T_5-c was the one exhibiting the largest difference
(Table 3). It is worth noticing that when the mean temperature
decreased in the series perturbation the effect was larger than when
the temperature increased.

For each simulation, the difference between disturbed vs. refer-
ence series was plotted into a graph (Fig. 4). This allowed analyzing
the magnitude and the timing of the disturbance’s effect relative to
the reference series. Clearly, the perturbation on the temperature
series modified the availability of L3 on pasture and parasite adult
population (Fig. 4). A positive difference for the T_5 5-c and T_g-c
series was observed from December onwards, i.e. the adult popula-
tion of the RS output was higher than those of T_, 5-¢c and T_s¢ for
the previous period. This results from the fact that the populations
of T_35-c and T_s-¢ follow “normally” their development, without
arresting their development, and quickly join the adult population.

On the other hand, for higher temperatures a proportion of
the ingested L3 of the RS output arrested their development from
September to December, therefore the adult population decreases
over this period. The difference is positive until April of next year for
T, 5-c and Ts-c, where the second disinhibition “wave” is observed.
The dynamics observed in both outputs indicate that the inhibition

8000 —
6000
4000 —

2000

levels from October to December are higher for the disturbed series
than for the RS series.

Therefore, from the results of these simulations we can conclude
that the proportion of hypobiotic larvae decreases when the aver-
age temperature decreases and increases when it increases (Fig. 4).

3.1.2. Disturbance on photoperiod

The value of the distance to the RS series showed that the
F40- (South of Tandil) is the largest, therefore the effects are more
important. The other perturbation series, representing Northern
latitudes, do not show important differences (Table 3).

Over the September-November period, the differences between
reference series (RS) populations and the populations of adult para-
sites corresponding to lower latitude input (F3g- F35-) were minor.
These differences continued until April and then, from this month
onwards, the second wave occurred and the lower latitude series
exceeded the RS series until the end of the simulations. For the
higher latitude series (F4¢- ), the behavior was inversed relative to
the previous series. The adult population of this simulation was
slightly smaller that that of the RS series until April, when the sec-
ond wave took place. It is worth noting that all series (lower and
higher latitude) have two waves of disinhibition but, for the first
two the second wave is more important while for the third one the
first is higher. The majority of ingested L3 larvae at higher latitude
arrested their development before October, while at lower latitudes
was after October. The results of all simulations are shown in Fig. 5.

3.1.3. Disturbance on the seasonal availability of L3 larvae in
pasture

3.1.3.1. Summer and autumn. The L3 larvae ingested during Sum-
mer and Autumn showed a “normal” development without any L4y
observed. The maximum abundance of adult parasites was reached
in mid-April (those ingested in Summer) and mid-July (those
ingested in Autumn), after what the populations decreased steadily
until total disappearance by the end of August and December,
respectively. The maximum value reached by the Autumn output is
higher than of the Summer output, because the survival of L3 larvae
in pasture is lower in Summer than in Autumn. The output of the
simulations is shown in Fig. 6.

3.1.3.2. Winter. The population ingested in Winter showed a
behavior quite different from that of the other seasons. Hypobi-
otic larvae were observed from August till October (Fig. 6). The
maximum value of the adult population was reached in October.
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Fig. 4. The effects of temperature in the adult parasites population. Each RS-Ty# curve corresponds to the difference in the amount of adult parasites between the reference
(RS) and the disturbed temperature series. A positive value means that the amount of parasites obtained from RS is higher than that obtained from Ts.
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how the larvae produced during each season contribute to the full-year’s dynamics.

From this date on until December the population decreased and
then increased to reach a new maximum in mid-January, however
lower than the one reached in October. The population was extinct
by the end of May. The peak was reached in mid-January is a conse-
quence of the first and unique “wave” of disinhibition. The wave is
unique because the arrested development occurred before October.

3.1.3.3. Spring. When the L3 larvae were ingested in Spring, the
adult population survived in the host for 9 months. Most of the L3
ingested during this season arrested their development and then
resumed it in two waves, one in January and the second in April.
The population increased with small oscillations until it reached a
maximum in February. The first wave of disinhibition is not clearly
seen in the plot because it coincides with the L3 that are ingested
at the same time and did not arrest their development. The second
wave of disinhibition allowed the population to reach a maximum
value in mid-May which is larger than that of February. This abso-
lute maximum reached in May makes evident that most of the L3
larvae ingested in Spring arrested their development.

4. Conclusions

The model proposes an original way to describe the parasitic
stage of the cycle life of O. ostertagi combining bibliographic and
empirical knowledge.

The flexibility of the model allows simulating several situations
for analyzing the effect in the population dynamics of variations in
temperature and photoperiod as well as the seasonal effect. From
the results obtained from these simulations we can conclude that
effect of hypobiosis diminishes when the photoperiod is shorter
and the average temperature is lower. It is worth noting that in
all cases the population showed two waves of disinhibition, one
more important than other. From lower to higher latitudes (North
to South in the Southern Hemisphere), the importance of the wave
(abundance of parasites that reassume their development) shifted
from April (second wave) to December (first wave).

If we consider that summer months in the North of Argentina
have less favorable conditions for larvae (hot and dry weather) than
in the South, it seems clear that the adult population will attempt
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“to avoid” producing eggs during summer. In the simulations of
lower latitude populations the second wave of disinhibition is more
abundant than the first and occurs in autumn, when the tempera-
ture starts decreasing.

It was mentioned earlier that research carried out under labo-
ratory conditions (Fernandez et al., 1999; Fiel et al., 2009) allowed
estimating that the photoperiod ranging from 12h 11 min to 14h
55 min induces the largest proportion of ingested L3 to arrest their
development. The results obtained from the simulations are consis-
tent with the effects of the photoperiod being observed in the study
area of Tandil during the spring season. This leads us to ask whether
the behavior is a matter of local parasite populations or, indeed,
the range of photoperiod favorable to inhibition-disinhibition is as
obtained in the laboratory. We believe it would be important to
replicate this study in the field with livestock parasites in different
production areas of Argentina to corroborate this hypothesis.

Analysis of the model responses to changes in the input series
suggests that it may be a good tool for the generation of strate-
gic control, when combined with the model of free-living stages
developed in Chaparro et al. (2011).
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