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ABSTRACT: Beef cow-calf farming systems are 
assumed to be resilient to biological disturbances that 
induce variations in herd demography; however, this 
hypothesis has not been fully investigated to date. 
Modeling is an interesting approach to study farming 
system resilience and to evaluate the impact of biologi-
cal disturbances, taking into account interactions between 
system components, including biological variability and 
management practices. Our objective was to evaluate 
the resilience of beef cow-calf farming systems to varia-
tions in fertility and mortality using a modeling approach. 
We studied the direct effect of variations in demographic 
parameters on production objectives without explicitly 
representing the causes of the variations. We developed a 
stochastic model to represent the population dynamics of 
a beef cow-calf herd with breeding by natural service and 
biological processes occurring at the animal level. The 

model was validated by comparing observed and simulat-
ed distributions of the calving-to-calving interval, which 
were found to be consistent. Resistance was evaluated by 
the proportion of simulations where the objective in terms 
of number of weaned calves is reached even when there 
is a disturbance that persists for 10 yr. Reversibility was 
evaluated by the time needed to return to the predistur-
bance production level. Beef cow-calf farming systems 
did not appear to be resistant to variations in mortality 
and infertility rates except when increases in the infertil-
ity rates were low (0.02 for cows and 0.03 for heifers). 
Critical situations, consequently, may emerge with regard 
to farm production if management practices are not 
adapted. Reversibility was observed for disturbances that 
persist for up to 5 yr. However, the system needed 2 to 
3 yr to recover its predisturbance production level and up 
to 4 yr after an increase in cow infertility of 0.12.
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INTRODUCTION

Beef cow-calf farming systems are said to be re-
silient (i.e., farmers are able to achieve a long-term 
production plan when disturbances impacting herd de-
mography occur; Dedieu and Ingrand, 2010; Nozières 
et al., 2011). However, resilience has not been evalu-
ated with regard to herd productivity. Farmers may 
anticipate disturbances by keeping more animals 
than needed, with this buffering strategy mitigating 

the worst impacts of disturbances (Gunderson, 2000). 
Unanticipated variations in animal fertility and mor-
tality that may persist for a few months or longer can 
jeopardize farm production during the current year 
and future years. Two components of resilience are in-
volved (Palumbi et al., 2008): resistance (i.e., the abil-
ity of a system to ensure current and future production 
irrespective of medium-term disturbances) and revers-
ibility (i.e., its ability to return to a previous situation 
after a shorter disturbance).

A modeling approach complements observa-
tional studies by enabling an ex-ante evaluation of 
the resilience of a farming system to disturbances. 
Observational studies highlight possible options avail-
able to farmers to adapt their farming system to dis-
turbances (Lemery et al., 2005; Dedieu and Ingrand, 
2010) or to evaluate technical and economic results 
(Liénard et al., 2002; Mosnier et al., 2010). Modeling 
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allows herd dynamics with different initial situations 
to be evaluated. Variations in production levels can be 
attributed to a given demographic variation. To evalu-
ate the probability of a farm not reaching a production 
objective, a stochastic model is needed. Published sto-
chastic models (Doren et al., 1985; Tess and Kolstad, 
2000; Reisenbauer Leesburg et al., 2007; Pérochon et al., 
2011) can only be used to evaluate system resilience to 
variations associated with forage availability and quality.

Our objective was to evaluate resistance and revers-
ibility of beef cow-calf farming systems to short- and 
medium-term variations in fertility and calf mortality 
using a modeling approach.

MATERIALS AND METHODS

Animal Care and Use Committee approval was not 
obtained for this study because no animals were used.

Modeling the Demography of a Beef Cow-Calf Herd

The production objective of beef cow-calf farmers is 
the production of animals for sale under given resource 
constraints (such as land). Under these constraints, a 
proxy of the production objective can be defi ned by the 
number of calves weaned per year. Females are raised 
and bred to produce weaned calves, which are sold after 
a fattening period. Before weaning, calves are kept with 
their mothers for suckling. To ensure future production, 
some weaned female calves are not sold and instead are 
kept in the herd as heifers to renew the breeding stock. 
Farmers keep more animals than needed for breeding to 
compensate for anticipated infertility and mortality of 
calves before weaning. Unexpectedly high calf mortal-
ity or low fertility reduces the number of weaned calves, 
thereby decreasing productivity and the number of fe-
male calves that can be kept for reproduction in the fu-
ture. Various disturbances can induce variations in fertil-
ity and calf mortality. For example, climate change has 
been reported to infl uence forage quality (Olesen and 
Bindi, 2002), which may have a medium- to long-term 
impact on fertility and growth rates and thus on farm 
productivity. Infections that last a few months, such as 
bovine respiratory diseases (Assié et al., 2004), also 
may affect a system over a short period of time. We as-
sumed that farmers maintained a constant production 
objective when facing short- and medium-term dis-
turbances. Farmers determine their production objec-
tive, defi ned here as the number of weaned calves, by 
identifying the maximum number of animals that they 
can keep for breeding given the resource constraints of 
their farms. This number infl uences, in turn, the future 
number of animals calving. To verify over time whether 
their objectives can be achieved, farmers then rely on 

intermediate indicators: the number of animals kept for 
breeding and the number of animals calving. These in-
dicators may be considered to be intermediate targets. 
By evaluating these indicators, farmers can adjust the 
system, if needed, during the production cycle. At wean-
ing, farmers keep a certain number of young females for 
breeding; the number is determined by the production 
objective that they fi x for the future. Breeding is man-
aged by farmers through their selection of a given num-
ber of 2-yr-old heifers and cows.

The farming system modeled and used for simula-
tions in this paper was based on the characteristics of 
beef cow-calf herds in 1 of the main beef production 
regions in France. The model represented the demo-
graphic dynamics of a beef cow-calf herd with breed-
ing by natural service. Both biological processes at the 
animal level and herd management by the farmer were 
represented. Biological processes included birth, mor-
tality, aging, fertility, and fecundation. Herd manage-
ment included breeding, purchase, sale, and culling de-
cisions. To account for biological variability that exists 
even without disturbances and to describe various herd 
dynamics, the model was stochastic. The model was in-
dividual based and simulated with a discrete-event ap-
proach, programmed in Java (Flanagan, 2005).

Over time, animals in the herd were classifi ed into 
states according to their age and physiological status 
(Fig. 1): Nc for calves from birth until weaning, Hf for 
fattening heifers after weaning until exit from the herd, 
Hk for heifers kept for breeding (less than 2 yr old), Hb 
for bred heifers, Cp for cows from the fi rst pregnancy 
diagnosis until the fattening decision, Cf for cows from 
the fattening decision until culling, and M for fattening 
males after weaning until exit from the herd. For breed-
ing, bulls (Bu) were purchased and kept on the farm un-
til culling. Because of the individual-based approach, all 
transitions between states were applied to each animal.

Newborn animals were in status Nc (Fig. 1). Twin 
birth occurred with probability δ (Table 1) assuming that 
calves were of the same gender. The gender of the calf 
was simulated stochastically according to a Bernoulli 
distribution with a probability of 50%. Calf mortality 
before weaning occurred with probability μ (Table 1). 
The age at death ad (in days) was then simulated ac-
cording to a distribution consistent with observed data 
(Fig. 2). Observed ages at death for unweaned calves in 
commercial herds in Bourgogne during the fi rst 6-mo 
period of 2006 were extracted for parameter defi nition. 
We defi ned and compared different distributions using a 
mean-square error. A mixture distribution was selected 
by experts to better account for the high probability of 
death during the fi rst 5 d after birth. First, the period 
between birth and death α was selected using a multi-
nomial distribution (Eq. [1]). Then, the age at death was 
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Figure 1. Diagram of the model: consecutive states for a young animal 
from birth to breeding age (in gray) and for an adult female animal over the 
course of the reproduction cycle (in white). A diamond represents an event or a 
branching point. Groups of animals for which the event or the branching point 
is applied are linked to the diamond by a line. At a specifi ed time, an animal 
can be in only 1 of the states: Nc = calf (newborn), Cp = cows, Cf = fattening 
cows, Hb = bred heifers (2 to 3 yr old), Hk = heifers, Hf = fattening heifers, M = 
males. Bulls are not raised in the herd and are not represented here.

Table 1. Value of parameters used for the simulation experiments at the animal level
Parameters Description Value
δ Probability of twin birth 0.035
μ Probability of calf mortality 0.09
λ Probability of purchasing a calf for adoption 0.9
υC Probability of involuntary culling for a cow 0.02
υBu Probability of involuntary culling for a bull 0.02
κH Probability of infertility for heifers 0.02
κC Probability of infertility for cows 0.08
κBu Probability of infertility for bulls 0.02
ρ Reduction of the bull fertility associated with the simulated involuntary culling 0.125
θ Threshold of the simulated proportion of dead calves to allow a purchase 0.20
ψ Threshold of the simulated pregnancy proportion to allow a purchase 0.85
π Threshold of the age of the calf at time of its mother involuntary culling for an adoption (in d) 120
υ Threshold of the age of cows to be kept for breeding (in years) 14
φ No. of days after calving before breeding (in days) 20
σ Length of the reduced fertility period before involuntary culling for a bull (in days) 30

Figure 2. Distributions of calf age at death: observed data in gray (un-
published data from database) and simulations (based on Eq. [1]) in black. 
Representation of the distribution (a) until the age of 270 d and (b) between the 
ages of 0 and 90 d. 

simulated according to either a uniform (if ad < 5 d) or 
an exponential distribution (if ad
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To reach the target number of weaned calves, we 
assumed that it was possible to purchase a calf after a 
calf mortality event before the breeding period. This 
happened only if the observed number of calving ani-

mals was below the intermediate target in terms of calv-
ing animals, if the proportion of pregnancy was below 
a threshold  (Table 1), and if the proportion of dead 
calves was greater than a threshold  (Table 1). The 
purchase occurred only if a calf of nearly the same age 
could be purchased (probability ; Table 1).

In case of an involuntary culling of a cow, the future 
of its calf depended on its age. Involuntary culling of a 
cow occurred with probability C (Table 1). The time 
of culling , in days after calving, was selected using a 
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multinomial distribution based on expert knowledge and 
observed data:
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[2]

At the time of involuntary culling, the calf was 
weaned if older than a threshold age  (Table 1). If 
younger, it was adopted either by another cow within 
the herd that had lost her calf a few days before or by a 
purchased cow. The age of any purchased cow ap was 
simulated between 3 and 6 yr according to a triangular 
distribution [Triang(a, b, c), with a = 1,095 d (minimum 
value), b = 2,190 d (maximum value), and c = 1,825 d 
(most likely value)]. The corresponding density function 
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[3]

-
respective of age. All males were kept for fattening be-

heifers were kept (transitioned Nc to Hk) and reared for 1 

2 yr old. All heifers that were not selected for breeding 
were fattened (transitioned Nc to Hf) and then sold.

Every year, the farmer decided which animals were 
or were not to be bred using the common practice of beef 
cattle herd farmers in France. All heifers older than 2 yr 
remaining in the herd were selected for breeding (transi-
tioned Hk to Hb). They all were raised in the same sub-
group with a bull during the breeding period. The num-
ber of cows kept for breeding thus was the intermediate 
target number for breeding animals minus the number of 
bred heifers (Hb). All primiparous cows with a living calf 
were kept for breeding. Cows older than a threshold  
(Table 1) and cows without living calves were not select-
ed for breeding except when the intermediate indicators 
were not reached. Among other cows with a living calf, a 
random selection was made to use for breeding. We as-
sumed here that the farmer did not consider the genetic 
value of cows for selection. Cows kept for breeding were 
separated into subgroups, with each subgroup containing 
a bull. The breeding period was the same each year. It 
began when the farmer introduced a bull into each sub-
group of animals. The period began earlier for heifers 
than for cows (March 15 vs. April 1). To have all animals 
calving within a short time period, the bull stayed with 
the females during a limited period of time. The period 
ended when the bull was removed from each subgroup 

(August 15).The length of the breeding season was typi-
cal of the beef herds modeled. At the time of pasture rota-
tion in midsummer (July 15), the subgroups were mixed, 
and new subgroups were constituted. Among these new 
subgroups, 1 had a reduced breeding period (ending in 
midsummer). The oldest female calves with their dams 
were in this subgroup. Cows not kept for breeding moved 
from Cp to Cf at the beginning of the breeding period and 
were sold after their calves were weaned.

Whether or not a cow became pregnant depended 
on cow fertility, time spent with a bull, and bull fertil-
ity. After calving, an animal was assumed to be unavail-

, 
Table 1). Infertility of heifers and cows occurred with 
probabilities H and C, respectively (Table 1). To de-

conception, a delay before a successful mating was sim-
ulated as the sum of 2 variables: the time delay before 

the successful mating, simulated according to triangu-
lar distributions Triang(0, 30, 21) and Triang(0, 90, 21), 
respectively. If the simulated time of successful mating 
fell after the exit of the bull, the cow was nonpregnant. 
Moreover, at the time of successful mating for a cow, the 
bull might be infertile with probability Bu (Table 1). 
In case of failure, this cow was then nonpregnant, and 
another successful mating time was simulated. All preg-
nant cows (staying in state Cp) and heifers (transitioned 
Hb to Cp) were raised together in winter and separat-
ed from nonpregnant animals. Calving occurred 285 d 
after a successful mating and at least 1calf was born. 
Nonpregnant animals were fattened (transitioned Hb to 
Cf and Cp to Cf) before leaving the herd.

Breeding bulls were replaced by purchase. Each year, 
a randomly selected bull was culled and replaced by a 
purchased bull. After the involuntary culling of a bull 
during the breeding period, a replacement bull was pur-
chased. Involuntary culling occurred with probability Bu 
(Table 1). Time of replacement was then simulated ac-
cording to a uniform distribution over the breeding period. 
We assumed here that the involuntary culling was related 
to a problem inducing a reduced fertility  (Table 1) with-

 (Table 1).

Simulations

Default Parameters. We chose parameter values 
(Table 1) consistent with typical beef cow-calf farm-
ing systems in one of the main beef production areas 
of France (Bourgogne). The target number of weaned 

numbers were selected to be consistent with this objec-
tive (72 breeding animals and 65 calving animals).
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Initial Conditions. To have an initial herd with an 
age structure and initial characteristics of each animal 
consistent with the herd management modeled, the herd 
was derived from 1 simulation rather than being ran-
domly generated. The simulation began at time of wean-
ing (October 15), and the herd consisted of 168 animals. 
At the beginning of the simulation, 20% of the pregnant 
animals in the initial herd were heifers.

Model Outputs. Model outputs were related to the 
objective of the farmer and the related intermediate tar-
get numbers of animals to evaluate the resistance and re-
versibility of the system. The simulated number of calves 
weaned per year was computed and compared with the 
objective. We also calculated the simulated number of 
animals kept for breeding and the simulated number of 
animals calving to compare them with the corresponding 
intermediate target numbers. First, model outputs were de-
scribed over several years to identify if the proportion of 
simulations reaching the target numbers was nearly con-
stant over time. Yearly outputs were then pooled to com-
pare scenarios without taking into account the effect of 
time. To identify which herd demography characteristics 
hindered the achievement of objectives, we calculated the 
simulated proportion of dead calves at the herd level, the 
simulated global proportion of pregnancy, and the simu-
lated number of involuntary culled animals. We compared 
the simulated distributions of these 3 outputs when the 
objective was not reached to those computed with all of 
the repetitions. To compute the distributions, we pooled all 
of the results irrespective of the simulation and year. The 
distributions were compared using the Cramer–von Mises 
test (Sprent, 1989). To ensure a thorough description of 
the distribution of the simulated number of weaned calves, 
200 repetitions were run. A simulation time of 10 yr was 
chosen because it was considered suffi cient to detect, 
when studying reversibility, a return to the situation before 
a disturbance when this disturbance lasts at most 5 yr.

Model Evaluation. No observed data on the objec-
tive in terms of number of weaned calves were available. 
We therefore chose to compare model results with herd 
demography characteristics that could be measured eas-
ily in the fi eld. We compared the simulated proportion 
of pregnancy, the simulated repartition of calving dates, 
and the simulated proportion of dead calves with expert 
knowledge. To evaluate the consistency of the model 
variability, we compared observed and simulated distri-
butions of the calving-to-calving interval for cows with 
at least 2 previous calving experiences. Observed calv-
ing-to-calving intervals for multiparous cows in 2006 
were extracted for the simulated calving period only in 
beef cow-calf herds of a similar size to exclude data from 
large herds with other calving practices. The simulated 
distribution was calculated including all calving-to-calv-
ing intervals for multiparous cows irrespective of the 

simulation and year. The observed and simulated distri-
butions of the calving-to-calving interval were compared 
using the Cramer–von Mises test (Sprent, 1989).

Evaluation of Resistance and Reversibility. To 
study the resistance and reversibility of a beef cow-calf 
farming system, disturbances inducing an increase in 
calf mortality, cow infertility, or heifer infertility were 
considered. The values of the 3 corresponding model pa-
rameters were modifi ed accordingly (Table 2). To study 
resistance, parameter values were modifi ed one by one 
over the entire simulation period (10 yr), representing 
a disturbance lasting a long period of time. We did not 
allow for adaptation of herd management by the farmer. 
The effects of disturbances on the achievement of both 
the fi nal objective and the intermediate target numbers 
were evaluated and compared using the Cramer–von 
Mises test. To study reversibility, the values were modi-
fi ed one by one during yr 2, 3, 4, and 5 successively, 
and simulations were run over 10 yr. In this case, the 
reference situation was assumed to be the distribution of 
the number of weaned calves before the disturbance. To 
limit the effect of the initial herd structure, we randomly 
generated this distribution. Thus, 200 initial herds were 
generated by the model over an earlier 10 yr period in 
which there was no disturbance (warm-up period). The 
distribution of the yearly number of weaned calves af-
ter the end of the disturbance was compared with the 
distribution before the disturbance. For reversibility, the 
system was assumed to return to the reference situation 
when there was no signifi cant difference at a risk of 5% 
by the Cramer–von Mises test.

RESULTS

Model Evaluation

The baseline simulated herd dynamics were consis-
tent with expert knowledge. The interquartile interval 
of the simulated pregnancy proportion (0.90 to 0.94) 
was consistent with the expected pregnancy proportion 
(0.92 to 0.94). The median simulated date of calving 
was March 7, which falls within the interval reported 

Table 2. Parameters values for the disturbances modeled 
(default values are given in bold)

Parameter Values for sensitivity analysis
Lengths of the 

disturbance
μ 0.09, 0.125; 0.15; 0.175; 0.2; 0.225; 0.25 10 yr

κC 0.08, 0.1; 0.125; 0.15; 0.175; 0.2 10 yr
κH 0.02, 0.05; 0.075; 0.1; 0.125; 0.15; 0.175; 0.2 10 yr

μ 0.09, 0.15; 0.2; 0.25 2, 3, 4, and 5 yr
κC 0.08, 0.1; 0.15; 0.2 2, 3, 4, and 5 yr
κH 0.02, 0.05; 0.1; 0.15; 0.2 2, 3, 4, and 5 yr
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by experts (between mid-February and mid-March). The 
median simulated proportion of dead calves at the herd 
level was 0.086, which was consistent with the expecta-
tion (between 0.07 and 0.09).

The simulated and observed distributions of calving-
to-calving intervals showed good agreement (Fig. 3), 
but the distributions were signifi cantly different (P < 
0.01). The simulated calving-to-calving interval was 
slightly shorter than those observed. However, medians 
were close (364 and 368 in simulated and observed data, 
respectively). Whereas the 75th percentiles were similar 
for the simulated and observed intervals (382 and 388, 
respectively), the 90th and the 95th percentiles for simu-
lated intervals (398 and 408 respectively) were less than 
for observed ones (413 and 432, respectively).

The target number of weaned calves was reached in 
77% of situations irrespective of the repetition or year. 
The intermediate target numbers of breeding and calv-
ing animals were reached in 87% and 73% of situations, 
respectively. The number of weaned calves was wide-
ly distributed each year, and its distribution over time 
reached equilibrium (Fig. 4). The median was barely 
greater than the target number (60).

The simulated distributions of pregnancy, calf mortality, 
and number of involuntary culled animals for all situations 
and for ones below the target number of weaned calves 
were signifi cantly different (P < 0.05; Fig. 5). Compared 
with the median for all situations, the median of the preg-
nancy proportions for pairs below the target number de-
creased (from 0.92 to 0.89), and the median proportion 
of dead calves increased (from 0.09 to 0.12). The median 
number of involuntary culled animals did not change.

Evaluation of Resistance of Beef Cattle Farming Systems

The proportion of repetitions in which the target num-
bers were not reached converged to a stable distribution 
except for a few values of the probability of calf mortality 
μ and the probability of heifer infertility κH. For example, 
the proportion of repetitions below the target number of 

weaned calves showed stability at the end of 4 yr for all 
values of μ considered (Fig. 6a). In contrast, no stability 
was observed at the end of 10 yr for all target numbers 
when κH = 0.2, for the number of breeding animals when 
κH = 0.15, and for the number of breeding animals when μ 
≥ 0.175 (as shown in Fig. 6b). In this section, results from 
the fi rst 4 yr were disregarded, and those of the fi fth year 
onward were pooled. In scenarios without stability, the 
effects illustrated by these representations therefore were 
underestimated slightly.

The probability of calf mortality μ directly decreased 
the number of weaned calves and indirectly decreased 
the number of breeding and calving animals (Fig. 7). 
The target number of breeding animals was reached in 
less than 75% of repetitions when μ > 0.2 compared with 
96% of repetitions without disturbance (Fig. 7a). For μ 
= 0.25, this intermediate target number was reached in 
only 56% of the repetitions. The target number of calv-
ing animals was achieved in at least 50% of repetitions 
compared with 68% of repetitions without disturbance 
(Fig. 7b). In less than 50% of the repetitions, the target 
number of weaned calves was reached when μ ≥ 0.15 
(Fig. 7c). The proportion of repetitions with less than 46 
weaned calves was less than 1% when μ ≤ 0.175 and in-
creased to 16% when μ = 0.25 (Fig. 7c). Because of the 
increased calf mortality, more cows were culled, reduc-
ing the number of cows kept for breeding the next year. 
For example, when μ = 0.25, in 50% of the repetitions 
more than 6 cows were culled after the death of their calf 
over the 10 simulated years compared with 2 cows with-
out disturbance. Although the culling of cows increased 
because of calf mortality, the proportion of repetitions 
with purchasing of cows and the average number of pur-
chased animals were not modifi ed. The proportion of 
repetitions with purchasing of calves barely increased 
with the probability of calf mortality (0.41% when μ 
= 0.25 compared with 0.08% for the situation without 
disturbance, on a yearly basis). The average number of 
purchased calves was not impacted.

Figure 3. Distribution of calving-to-calving interval for cows: observed data 
(in 2006) in black and simulations in gray (200 repetitions, 10 simulated year).

Figure 4. Distribution of the number of weaned calves over time. 
Description by the minimum, 5th, 25th, 50th, 75th, and 95th percentiles, and 
maximum (denoted min, P5, P25, P50, P75, P95, and max, respectively). 
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The increase in the probability of cow infertility κC 
decreased the numbers of breeding animals, calving ani-
mals, and weaned calves (Fig. 8). The target number of 
breeding animals was reached in less than 50% of the 
repetitions when κC ≥ 0.15 compared with 96% without 
disturbance (Fig. 8a). A decrease in the number of calv-

ing animals was observed even for the lowest increase 
in κC (Fig. 8b). The target number of calving animals 
was reached in less than 25% of repetitions when κC ≥ 
0.125 and was below 1% when κC = 0.2. Because of the 
decrease in the calving number, the number of weaned 
calves decreased (Fig. 8c). The target number of weaned 
calves was achieved in less than 50% of repetitions when 
κC ≥ 0.125 compared with 74% without disturbance and 
was below 4% when κC = 0.2. The proportion of repeti-
tions with less than 46 weaned calves was greater than 
1% when κC ≤ 0.175 and increased to 18% when κC = 0.2 
(Fig. 8c). As a greater number of cows were infertile, the 
number of cows culled because they were nonpregnant 
increased, and the number of cows culled because they 
were not kept for breeding (no service) decreased. As the 
number of cows among breeding animals decreased, the 
proportion of bred heifers increased with κC. This propor-
tion stayed below 30% irrespective of the disturbance. As 
purchasing of cows was allowed only to replace a dead 
cow with a living calf that had not yet been weaned, pur-
chasing of cows decreased when the probability of cow 
infertility increased (37% when κC = 0.20 compared with 
48% for the situation without disturbance, on a yearly 
basis). The proportion of repetitions with purchasing of 
calves increased with the probability of cow infertility 
but was always low (4% when κC = 0.20 compared with 
0.08% without disturbance).

The increase in the probability of heifer infertility 
κH decreased the number of calving animals and, to 

Figure 5. Distribution of the number of weaned calves for all simulated 
situations irrespective of the repetition and the year. The target number is in-
dicated by a vertical line. The simulated distributions at the herd level of the 
proportion of dead calves (calf mortality), the proportion of pregnancy, and 
the number of involuntary cullings for situations with fewer weaned calves 
than the objective are in gray, and the ones for all situations are in black. 

Figure 6. Proportion over time of repetitions below the target numbers 
of (a) weaned calves and (b) breed animals for different values of the prob-
ability of calf mortality μ. The default value is 0.09.
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a lesser extent, the number of weaned calves (Fig. 9). 
However, the associated decrease was smaller than the 
decrease induced by the other disturbances studied. The 
target number of breeding animals was always reached 
in more than 73% of the repetitions (Fig. 9a). The tar-
get number of calving animals was achieved in less than 
50% of repetitions when κH ≥ 0.125 and remained above 
29% (Fig. 9b). Because of a small decrease in the num-
ber of calving animals, there was only a small decrease 
in the number of weaned calves (Fig. 9c). The target 
number of weaned calves was achieved in less than 50% 
of repetitions only when κH = 0.2. The proportion of 
repetitions with less than 46 weaned calves always was 

lower than 0.1% (Fig. 9c). The proportion of primipa-
rous cows decreased when κH increased. For example, 
the median proportion of primiparous cows was 16.6% 
when κH = 0.20 compared with 19.4% without distur-
bance. For κH = 0.20, the median number of animals 
culled because of no pregnancy over the 10 simulated 
years was 8 compared with 6 without disturbance. As 
purchasing of cows was allowed only to replace a dead 
cow with a living calf that had not yet been weaned, 
purchasing of cows did not change with the probability 
of heifer infertility. The proportion of repetitions with 
purchasing of calves increased with the probability of 

Figure 7. Effect of a disturbance inducing an increase of the calf mortal-
ity probability μ during 10 yr on the distribution of the number of (a) breeding 
animals, (b) calving animals, and (c) weaned calves among all repetitions 
irrespective of the year between the 5th and the 10th year after the beginning 
of the disturbance. The default value of μ is 0.09. The Cramer–von Mises 
test (P-values: *** <1%, ** <5%, * <10%, and NS otherwise) was used to 
compare the distributions for each probability to that of the default value (D).

Figure 8. Effect of a disturbance inducing an increase of the infertility 
probability for cows κC during 10 yr on the distribution of the number of 
(a) breeding animals, (b) calving animals, and (c) weaned calves among all 
repetitions irrespective of the year between the 5th and the 10th year after the 
beginning of the disturbance. The default value of κC is 0.08. The Cramer–
von Mises test (P-values: *** <1%, ** <5%, * <10%, and NS otherwise) was 
used to compare the distributions for each probability to that of the default 
value (D).
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heifers infertility (1.16% when κH = 0.20 compared with 
0.08% without disturbance, on a yearly basis).

Evaluation of Reversibility 
of Beef Cattle Farming Systems

After an increase in calf mortality μ lasting 2 yr or 
longer, the distribution of the number of weaned calves 
returned to the previous equilibrium the year after the 
end of the disturbance (P > 0.05), except for μ = 0.25 
(Fig. 10), for which up to 3 yr was needed (P < 0.05 dur-
ing 1 to 3 yr after the disturbance and P > 0.05 after). For 
a 2-yr disturbance of the probability of cow infertility κC, 

the time to return to the previous situation was 2 yr (P < 
0.01 during 1 yr after the disturbance and P > 0.05 after), 
except when κC = 0.2, for which 4 yr were needed (Fig. 
11; P < 0.01 during 3 yr after the disturbance and P > 0.05 
after). For longer disturbances, this time increased when 
the probability of cow infertility κC increased: from 2 yr 
when κC = 0.1 to 4 yr when κC = 0.2 (P < 0.05 during 1 
to 3 yr after the disturbance and P > 0.05 after). When 
the probability of heifer infertility was nearly doubled 
(κH = 0.05), the distributions of the number of weaned 
calves over time was not signifi cantly different from the 
distribution before disturbance, even during the distur-
bance period and irrespective of its length (P > 0.10). For 
the other values of the probability of heifer infertility, 
the time needed after a short disturbance (2 or 3 yr) to 
return to the equilibrium increased when the probability 
increased: from 2 yr when κH = 0.1 (P < 0.05 during 1 yr 
after the disturbance and P > 0.05 after) to 3 yr when κH 

= 0.2 (for a 2-yr disturbance; Fig. 12). For a 5-yr distur-
bance, the return was delayed, from 2 yr when κH = 0.1 
to 3 yr when κH was 0.15 or greater (P < 0.05 during 1 or 
2 yr after the disturbance and P > 0.05 after).

DISCUSSION

In our model, the beef cow-calf farming system 
showed good reversibility to variations of demographic 
parameters but a lack of resistance to high variations that 
can jeopardize the economic viability of the farm. High 
increases in calf mortality or in cow infertility decreased 
the number of weaned calves from the fi rst year and the 
number of heifers for reproduction a few years after the 
fi rst year with the variation. This impact was amplifi ed 
with each additional year of disturbance. As the produc-
tion objective considered in this study directly impacts 
the net revenue of the farmer, the variation would im-
pact the viability of the farming system. Other studies 
have focused on the impact of management practice 
on the economic results of the beef cow-calf farming 
system (Doren et al., 1985; Bourdon and Brinks, 1987; 
Pang et al., 1999; Tess and Kolstad, 2000; Roughsedge 
et al., 2003; Reisenbauer Leesburg et al., 2007). Here 
we focused only on a technical indicator. Studying the 
resilience of the system in terms of economic viabili-
ty would require taking other farm activities into con-
sideration, such as crops and other animal production 
(Darnhofer et al., 2010). A variation in demography over 
a few years can be absorbed by the economic results of 
other activities or can induce a change in farm activities 
to compensate for the disturbance (Ingrand et al., 2007; 
Astigarraga and Ingrand, 2010).

The range of variations of demographic param-
eters evaluated in this study was suffi ciently large to 
cover observational variations irrespective of the cause. 

Figure 9. Effect of a disturbance inducing an increase of the infertility 
probability for heifers κH during 10 yr on the distribution of the number of 
(a) breeding animals, (b) calving animals, and (c) weaned calves among all 
repetitions irrespective of the year between the 5th and the 10th year after the 
beginning of the disturbance. The default value of κH is 0.02. The Cramer–
von Mises test (P-values: *** <1%, ** <5%, * <10%, and NS otherwise) was 
used to compare the distributions for each probability to that of the default 
value (D).
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However, for extreme values of these parameters, it 
is likely that farmers would change practices and not 
maintain their production objective. In the case of high 
mortality (>20%) or infertility (>20%), production was 
jeopardized greatly. If a disturbance lasted more than 
2 yr, the time needed to return to the production level 
achieved before the disturbance was long. Farmers may 
change their management to prevent such low produc-
tion over a long period. Farmers tend to adapt their herd 
management over time to respond to severe disturbanc-
es or in anticipation of a long-lasting one (Mosnier et 
al., 2009, 2010). Adaptation may consist of increasing 
purchases of animals and reducing culling. It would be 
of interest to study how such adaptive processes infl u-
ence the resilience of a farming system. More knowl-
edge is needed on how farmers choose to adapt because 
the adaptation process depends on the point of view of 
the farmers (Lemery et al., 2005).

As our objective was to better understand the func-
tioning of a beef farming system subjected to a distur-

bance, we did not consider uncertainty relative to pa-
rameter values, which were assumed to be certain and 
constant over time. When a real herd is involved, the 
variability of model parameters and uncertainty should 
be considered. Mortality and infertility rates can vary 
over time according to various factors. Moreover, pa-
rameter values can be estimated with some errors from 
observed data. A sensitivity analysis could help in identi-
fying the parameters that strongly infl uenced model out-
puts (i.e., those that should be estimated more precisely; 
Saltelli et al., 2000). However, because of the number of 
parameters to be considered and because our model was 
stochastic, such an analysis was not carried out.

As herds in Europe can be quite small, stochastic 
events can have large effects. The use of a stochastic 
model therefore was important. Model parameters were 
defi ned at the animal level. Because of the small size 
of the structured herd, the simulated demography at the 
herd level varied over time even without a disturbance. 
Such demographic variations at the herd level were con-
sistent with variations in observed rates over time for a 
French farming system. In a context of larger herds, as 
can be found, for example, in the United States, stochas-
tic variables are expected to have less severe effects on 
herd demography. However, the same model could be 
applied in such a context if the herd size and associated 
model parameters were changed, thereby enabling com-
parisons with other farming systems.

The stochastic models that have been published 
to date mechanically represent biological processes 
driving growth (Doren et al., 1985; Tess and Kolstad, 
2000; Reisenbauer Leesburg et al., 2007; Pérochon et 
al., 2011), fertility (Doren et al., 1985; Tess and Kolstad, 
2000; Reisenbauer Leesburg et al., 2007; Pérochon et al., 
2011), and mortality (Doren et al., 1985; Tess and Kolstad, 
2000; Reisenbauer Leesburg et al., 2007). Models have 
been used to evaluate the impact of forage quality on 
production (Doren et al., 1985; Tess and Kolstad, 2000) 

Figure 12. Distribution of repetitions according to the number of weaned 
calves over the years and P-values of the Cramer–von Mises test (*** <1%, ** 
<5%, * <10%, and NS otherwise) when the infertility probability for heifers κH 
was modifi ed at yr 1 during 2 yr (0.2 instead of 0.02). The Cramer–von Mises 
test was used to compare the distribution of the number of weaned calves each 
year to the reference (yr 0 at the beginning of the disturbance simulation).

Figure 10. Distribution of repetitions according to the number of weaned 
calves over the years and P-values of the Cramer–von Mises test (*** <1%, ** 
<5%, * <10%, and NS otherwise) when the calf mortality probability μ was 
modifi ed at yr 1 during 2 yr (0.25 instead of 0.09). The Cramer–von Mises test 
was used to compare the distribution of the number of weaned calves each year 
to the reference (yr 0 at the beginning of the disturbance simulation).

Figure 11. Distribution of repetitions according to the number of weaned 
calves over the years and P-values of the Cramer–von Mises test (*** <1%, ** 
<5%, * <10%, and NS otherwise) when the infertility probability for cows κC 
was modifi ed at yr 1 during 2 yr (0.2 instead of 0.08). The Cramer–von Mises 
test was used to compare the distribution of the number of weaned calves each 
year to the reference (yr 0 at the beginning of the disturbance simulation).
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as well as the impact of management practices on tech-
nical performance (Pérochon et al., 2011) and economic 
viability (Doren et al., 1985; Reisenbauer Leesburg et al., 
2007). These models could be used to evaluate system 
resilience to variations in forage availability and quality. 
However, variations in fertility and mortality can result 
from other causes, such as stress. Such variations can-
not be simulated with these models. Our model, there-
fore, is simpler than previously published ones, but it 
enables the demography dynamics of a beef cattle herd 
to be simulated. Other characteristics can be introduced 
into the model if needed or the model can be coupled 
with another, for example, an epidemiological model (of 
a disease that induces disturbances in the demography).

Our individual-based model could be developed fur-
ther to investigate the resilience of the system to vari-
ous origins of variation in demographic parameters. To 
do so, a few extra parameters could be introduced into 
our model or a specifi c module to simulate biological 
processes could be added. For example, an easy adapta-
tion would be to add the probability of diffi cult calv-
ing, resulting in increased mortality of calves (Nix et al., 
1998). To study the impact of infectious disease on farm-
ing system resilience, our model could be coupled with 
a transmission model of a pathogen. To investigate the 
effects of resource availability, a growth model could be 
added (Jouven et al., 2008) with an explicit link between 
body condition and reproduction, as in Pérochon et al 
(2011). Finally, it may be necessary to represent more 
precisely the process determining fertility, such as estrus 
occurrence and probability of conception at each estrus, 
as in Blanc and Agabriel (2008).

Our model allowed us to simulate the resistance and 
the reversibility of a beef cow-calf farming system af-
ter a short- or medium-term variation in 1 demographic 
parameter at a time when all parameters were exactly 
known. With regard to the range of variations under 
study, the system was less resistant to variations in calf 
mortality and cow infertility than to variations in heifer 
infertility. In contrast, our study showed a greater revers-
ibility of the system to variations in calf mortality than 
to variations in cow infertility. The magnitude of the 
drop in production shown here may result in changes in 
the management of the system itself or in the production 
objective associated with the capacity of the system to 
recover, which is another component of resilience.
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