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ABSTRACT

Background: Dog fertility depends on human-influenced factors such as sterilization. Uncontrolled fertility can result in
unwanted births and overpopulation, which causes problems of public health and animal welfare. Surgical sterilization
has been the traditional means of reproduction control but its cost and time can be prohibitive for mass sterilization pro-
grams. Non-surgical sterilization alternatives exist, but most of them are reversible and their effectiveness as a population
management tool is unknown. To better understand the consequences of reversible contraception, the fertility dynamics
was modeled in a hypothetical dog population in a steady-state condition.

Materials, Methods & Results: The effect of reversible contraception was simulated using a coupled system of ordinary
differential equations. A hypothetical steady-state population of 1000 animals was considered. It was formed by two
compartments, one of fertile dogs and the other of infertile dogs. Natality compensated for a fraction of mortality, and
the immigration rate compensated for the remaining fraction. The group of immigrant dogs was composed of fertile and
infgertile dogs. The dog flow between compartments was given by both the contraception and fertility recovery rate. It
was assumed that fertility reversibility in animals of the immigrant group was equal to that of animals already present in
the population. Global sensitivities were calculated to assess the uncertainties of fertility dynamics associated with estima-
tion of parameters. In addition, the local sensitivities were calculated to assess the influence of each parameter on fertility
dynamics. The treatment effectiveness were expressed in terms of the total number of dogs treated for 20 years by taking
a given irreversible contraception rate divided by the total number of dogs treated during the same period, and using the
corresponding reversible contraception rate. The global sensitivity analysis consistently indicated a reduction in the number
of fertile dogs. The local sensitivity analysis indicated that contraception rate was the most influential parameter, followed
by the fertility recovery rate. The fraction of mortality compensated by natality was more influential than the fraction of
infertile immigrants. Simulated scenarios indicated that the higher the contraception rate, the greater the difference between
the effects of different fertility recovery rates. Variations in the proportion of infertile immigrants minimally changed the
number of fertile dogs and the accumulated number of treated dogs. The increase in the fertility recovery rate caused ef-
fectiveness to decrease, especially when contraception rates were higher.

Discussion: In certain scenarios, reversible contraception can be a viable option for reproduction control. Evaluation of
effectiveness of the reversible contraception showed both the importance of duration of the contraceptive effect and the
interaction between the contraception and fertility recovery rates. Although the contraception rate is the main determinant
of population fertility dynamics, the fertility recovery rate modulates the effect of contraception and determines its viability.
Reversible contraception is a viable alternative when loss in effectiveness is compensated by a reduction in costs and ease
of application of contraceptive treatments. The lower the contraception rate, the higher the similarity between the effects
of reversible and irreversible contraception.
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INTRODUCTION

Availability of resources and a good health
status favor fecundity (reproductive potential) of dogs.
However, fertility (actual reproductive performance)
also depends on human-influenced factors such as
sterilization, copulation prevention or pregnancy inter-
ruption [5,9].

Uncontrolled fertility can result in unwanted births
and overpopulation, which causes problems of public health
and animal welfare [17]. Reproduction control is one of the
strategies for population management [7], which contrib-
utes to prevent abandonment [ 11,15] and intervenes directly
in unwanted births. Moreover, sterilization can change dog
behaviors associated with abandonment and contribute to
reduce injuries due to biting [8,12,13].

The long-term effects of reproduction control
are similar to those of euthanasia [1]. However, re-
production control is more ethical and is in agreement
with the practices of responsible ownership as recom-
mended by the OIE [19].

Surgical sterilization has been the traditional
means of reproduction control [10], but its cost and
time can be prohibitive for mass sterilization programs
[9]. Non-surgical alternatives include hormonal treat-
ments, immunocontraceptive vaccines, intratesticular
or intraepididymal injections and mechanical methods
[9]. For population management, safe and effective
alternatives, which do not cause adverse effects or ir-
reversible infertility, are preferable [14]. In most of the
alternatives mentioned above, the effects are reversible,
but their effectiveness as a population management
tool is unknown. To better understand the effect of
reversible contraception, the fertility dynamics was
modeled in a hypothetical dog population in a steady-
state condition.

MATERIALS AND METHODS

Model

The effect of reversible contraception was simu-
lated using a coupled system of ordinary differential
equations. A hypothetical steady-state population was
considered. It was formed by two compartments, one of
fertile (n) and the other of infertile (g) dogs (Figure 1).
The natality compensated for a fraction (r) of the mortal-
ity (m = mortality rate), and immigration compensated
for the remaining fraction (/ - r). Among immigrant
dogs, a fraction was of infertile (z) and the remaining

of fertile dogs (/ - z). The dog flow from compartment
n to g was given by the contraception rate (s), and the
counter flow from compartment g to n by the fertility
recovery rate (f). Fertility reversibility in immigrant dogs
was assumed to be equal to that of animals already in
the population. In order to simplify the model, rate f was
applied to these immigrants as soon as they entered the
population. The initial population was of 950 fertile and
50 infertile dogs, and all rates were constant.

Z_? =mm+g)+{U-rm(l-2)(n+g) +fg-(m+s)n

z_g=(1—r)mz(n+g)+sn-(m+f)g
1

Estimation of parameters

Table 1 shows the values for the initial condi-
tions and parameters. To keep the total population size
constant, the source of immigration q was assumed to
be equal to n + g.

Global sensitivity

Each parameter was simultaneously varied in
an interval whose lower and upper limits were 10%
lower and higher than the point estimate, respectively.
The Latin hypercube algorithm [18] was used to sample
the parameters of their respective intervals, in each one
of the 100 population dynamics simulations.

Local sensitivity

In order to compare the influence of each
parameter on both the total number of fertile dogs
and accumulated number of treated dogs, sensitivity
functions [4] were used. Thus, the sensitivity matrix
(t x m) was defined as

—0x(0)|0=00
00"

inwhich@=/q, q, ...; q ] was the parameter vector
andx(0) = [x(0); x,(0); ... ; x(0)]" was the vector with
the total fertile dogs or accumulated number of dogs
treated in times 1; 2; ... ; t. In order that sensitivities
were free of scale, the scaled matrix S = {s’.j} was used,

Sy =Vy G
SC

i

where v, denotes an element of V, Af, is the
interval in which 9], varies (approximated by finite dif-
ferences) and SC is the scale factor defined as equal to
the parameter value. The sensitivities were character-
ized with the L1 norm of the columns s..



0.S. Baquero, A.P.D. Brandao, M. Amaku & F. Ferreira. 2016. Effectiveness of Reversible Contraception in Dog

Population Management.

Acta Scientiae Veterinariae. 44: 1404.

Simulated scenarios

Scenarios were built by combining varia-
tions in the contraception (0.05, 0.2, and 0.4 year-
1), fertility recovery rates (0, 0.01, ..., 0.999, and 1
year-1) and infertile immigrant fraction (0.05, 0.2,
and 0.4) while maintaining the other parameters
constant.

Effectiveness of reversible contraception

Effectiveness was expressed in terms of the
total number of dogs treated for 20 years by taking
a given irreversible contraception rate divided by the
total number of dogs treated during the same period,
and used a corresponding reversible contraception rate.

Software

All analyses were performed in the R software
3.1.2[16] using the capm 0.8.0 package, which is a pack-
age for companion animal population management [2].

Figure 1. Compartmental model of a hypothetical dog population receiving contraceptive treatments. n: fertile
dogs; g: infertile dogs; ¢: immigration source (¢ =n + g); m: mortality rate; r: fraction of mortality compensated
by natality; s: contraception rate; f: fertility recovery rate; z: fraction of infertile immigrants.

Table 1. Parameters and initial conditions in the model of a hypothetical dog population receiving contra-

ceptive treatments.

Values Description
Initial conditions
n 950 Fertile dogs
g 50 Infertile dogs
Parameters
m* 1/6 Mortality rate (year!)

S 0.2 Contraception rate (year')

f 0.5 Fertility recovery rate (year')

z 0.2 Fraction of infertile immigrants

r 0.8 Fraction of mortality compensated by natality

*Inverse of life expectancy of female dogs. Source: Fernando Ferreira. 2009. [6]
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RESULTS

Global sensitivity

The global sensitivity analysis consistently
indicated a reduction in the number of fertile dogs.
After 6 years, the minimum and maximum values and
the standard deviation stabilized around 733, 792, and
13, respectively (Figure 2).

Local sensitivity

The contraception rate was the most influential
parameter, followed by the fertility recovery rate. The
fraction of the mortality compensated by natality was more
influent than the fraction of infertile immigrants (Figure 3).

Figure 2. Global sensitivity of the total number of fertile dogs.

Figure 4. Total number of fertile dogs along time as a function of the
fertility recovery rate, contraception rate (s), and fertile immigrant
fraction (z). Rate unit: year-1.

Simulated scenarios

The higher the contraception rate, the greater
the difference between the effects of different fertility
recovery rates. Variations in the proportion of infertile
immigrants minimally changed the number of fertile
dogs and the accumulated number of treated dogs
(Figures 4 and 5).

Effectiveness of reversible contraception

Effectiveness varied between 0 and 1 and, as de-
fined, irreversible contraception effectiveness was equal to
1, the maximum effectiveness. The increase in the fertility
recovery rate decreased the effectiveness of the different
contraception rates, especially the highest ones (Figure 6).

Figure 3. Local sensitivity of the total number of fertile dogs.

Figure 5. Accumulated number of dogs treated over time, as a
function of the fertility recovery rate, contraception rate (s), and
fertile immigrant fraction (z). Rate unit: year-1.



0.S. Baquero, A.P.D. Brandao, M. Amaku & F. Ferreira. 2016. Effectiveness of Reversible Contraception in Dog

Population Management.

Acta Scientiae Veterinariae. 44: 1404.

Figure 6. Effectiveness of reversible contraception for different con-

traception rates.

DISCUSSION

In certain scenarios, reversible contraception
can be a viable option for reproduction control. Al-
though the contraception rate is the main determinant
of population fertility dynamics, the fertility recovery
rate modulates the effect of contraception and deter-
mines their viability.

In steady-state populations, mortality and emi-
gration are compensated by natality and immigration. In
the model implemented in the study, the mortality was
compensated both by natality and immigration. Although
this can be interpreted as a scenario in which emigration
does not occur, it can also be interpreted as a scenario with
emigration which is implicitly compensated by natality
and immigration, without changing the fraction of fertile
dogs. In this sense, these rates, although unspecified, are
higher than the fractions of mortality rate that they com-
pensated. Not specifying the emigration, immigration,
and natality rates was a simplification strategy. It allowed
modeling an open population in scenarios conditioned by
different fractions of infertile immigrants, and inclusion
of these three parameters was not required.

Evaluation of effectiveness of the reversible
contraception showed both the importance of duration
of the contraceptive effect, and the interaction between
the contraception and fertility recovery rates. The lower
the contraception rate, the higher the similarity between
the effects of reversible and irreversible contraception.

Reversible contraception may be feasible when
loss in effectiveness is compensated by cost and ease
of implementation, and such situation is favored as
the treatment implementation and fertility recovery
rates are lower.

The effectiveness of reversible contraception
was given by constant rates. Thus, discontinuation of
the reproduction control of a given number of dogs does
not affect effectiveness if the same number of fertile
dogs begins contraception treatment simultaneously.
The difficulty to maintain and verify this condition in
practice is an additional reason in favor of methods
with a lower fertility recovery rate.

Given that the population simulated always re-
mained at steady-state, reproduction control never caused
a decrease in the population size. Even so, the effects
of different contraception rates were compared and the
effect they exerted on the population fertility dynamics
was verified. As a previous study [3], such an approach
shows that decrease in the population size is not required
to define effectiveness of the reproduction control.

CONCLUSIONS

Reversible contraception is a viable alternative
when loss in effectiveness is compensated by a reduc-
tion in costs and ease of application of contraception
treatments. The lower the contraception rate, the higher
the similarity between the effects of reversible and ir-
reversible contraception.
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