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A B S T R A C T

Although a large number of methods have been proposed to control the non-linear dynamics of unstable
populations, very few have been verified using biological populations. Here, we investigated the effects of
two well-studied control methods (Both Limiter Control and Target-Oriented Control) on the dynamics of
unstable populations of Drosophila melanogaster. We also perform biologically realistic simulations to
ascertain the generalizability of our results. We show that both methods can significantly reduce
population fluctuations, decrease extinction probability and increase effective population size
simultaneously. This is in contrast with earlier studies on single parameter control methods that are
not able to concurrently achieve multiple aspects of stability. We use the distribution of population sizes
to derive biologically intuitive explanations for the mechanisms of how these two control methods attain
stability. Finally, we show that non-Drosophila specific biologically realistic simulations are able to
capture almost all the trends of our data. This shows that our results are likely generalizable over a wide
range of taxa. Therefore, the control methods that incorporate both culling and restocking (like BLC and
TOC) can simultaneously achieve multiple kinds of stability and therefore are strong candidates for field
applications.

ã 2016 Elsevier B.V. All rights reserved.

1. Introduction

Although several methods have been proposed for stabilizing
biological populations over the last two decades (e.g. Dattani et al.,
2011; Güémez and Matías, 1993; Hilker and Westerhoff, 2005;
McCallum, 1992; Sah et al., 2013), few (if any) have been actually
applied for conserving threatened populations. This gap between
theory and application has multiple putative reasons. Firstly, in
ecology, the term stability can refer to many concepts (Grimm and
Wissel, 1997) and most theoretical studies typically restrict to any
one of them. However, in any real world usage, the adopted control
method must be able to simultaneously stabilize multiple aspects
of the dynamics. Thus, for example, a method that reduces
fluctuations in population sizes, but has relatively less impact on
extinction probability, is of limited utility. Since different aspects of
stability often do not correlate with each other (Dey and Joshi,

2013; Dey et al., 2008), choosing a method often becomes
problematic.

To complicate matters further, most control methods proposed
in the theoretical literature lack adequate empirical (i.e. using real
biological populations as opposed to computer simulations)
verification. Some of the most well-known empirical studies on
population control deal with methods that either require high
levels of mathematical sophistication (e.g. Desharnais et al., 2001)
or very detailed models of the system (Becks et al., 2005). The high
degree of specificity of these studies can sometimes make it
difficult to extend their insights into controlling other systems.
Moreover, such studies (Becks et al., 2005; Desharnais et al., 2001)
often deal with amelioration of chaos or characterization of the
attractor, whereas the primary concern of most conservation
biologists would be to prevent inbreeding or reduce extinction
probability. Consequently, such empirically well-characterized
control methods turn out to be of limited relevance for most real-
world applications. As stated already, much of the proposed
control methods have never been investigated using biological
populations. Given that the survivals of species are at stake, the
reluctance of the practitioners in adopting untested methods for
controlling natural populations is well justified. The only way to
bridge this gap between theory and practise is to empirically verify
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the control methods proposed in the literature under conditions
that are as close to their conditions of intended use as possible.
Clearly, methods that require relatively less system-specific
information and are easier to implement (e.g. Gusset et al.,
2009; McCallum, 1992), are likely to be more useful in this context.
One such set of control methods is the so-called limiter class of
methods.

Broadly speaking, the limiter methods do not allow the
populations to go above or below (depending on the method) a
pre-determined threshold through culling or restocking respective-
ly. Recent empirical studies have shown that such methods can
typically reduce either fluctuations in population sizes or extinction
probability, but not both (Sah et al., 2013; Tung et al., 2016). This
observation led to the conjecture that methods which involve both
restocking and culling might prove to be more successful in
simultaneous control of multiple aspects of stability. A well-studied
method of this type is the Target-Oriented Control (TOC) (Braverman
and Chan, 2014; Braverman and Franco, 2015; Dattani et al., 2011;
Franco and Liz, 2013), which is a modification of the traditional
proportional feedback method(Güémez and Matías,1993; Liz, 2010).
In TOC, the current population size is perturbed towards a
predetermined ‘target’ by culling or restocking (Dattani et al.,
2011; Franco and Liz, 2013). The magnitude of the perturbation is
determined based on the difference between the pre-perturbation
population size and the target value. Theoretical studies have shown
that TOC globally stabilizes higher order difference equations
(Braverman and Franco, 2015) and is particularly useful in those
cases where the population size needs to be manipulated towards a
pre-determined value (Dattani et al., 2011).

Another method that involves both culling and restocking is the
recently proposed Both Limiter Control or BLC, which involves
setting an upper and a lower threshold a priori (Tung et al., 2014).
Each time the population size is outside the range set by these
thresholds, appropriate culling or restocking is implemented to
bring the size back to the upper or the lower threshold respectively.
It has been shown numerically that BLC can protect populations
from overcrowding and extinction risk due to demographic
stochasticity (Tung et al., 2014). Further, both TOC (see Fig. 1 of
Dattani et al., 2011) and BLC (Fig. S1) can suppress the complex
chaotic dynamics of a system to a stable point or limit cycles.
However, till date, there has been no empirical investigation of
how these two control methods affect the dynamics of real
biological populations.

In this study, we investigate the effects of BLC and TOC in
stabilizing the dynamics of spatially-unstructured laboratory
populations of Drosophila melanogaster. Both these methods were
found to be capable of inducing significant reduction in fluctua-
tions in population sizes and extinction probability. Moreover, both
methods also significantly increased the effective population sizes.
However, the good performance of BLC and TOC came at the cost of
a significantly large effort magnitude, which is likely to translate
into relatively high economic expenditure. We also derive
biologically intuitive understandings of how the control methods
work by comparing the distribution of population sizes with and
without control. Finally, we show that simulations using a
biologically realistic, non-Drosophila-specific model, can capture
most of the trends of our experimental results. This suggests that
our observations are likely to be generalizable over a wide range of
taxonomic groups.

2. Methods

2.1. Experimental populations

In this study, we used 20 single-vial populations of Drosophila
melanogaster derived from a large outbred population, called DB4.

The ancestry and maintenance regime of the outbred and the
single-vial populations are mentioned elsewhere in detail (Sah
et al., 2013) and briefly presented in the online Supporting
information (Appendix S1). The experiment lasted for 14 gener-
ations.

2.2. Control methods and performance indices

2.2.1. Both Limiter Control (BLC)
In BLC, the population size is not allowed to go beyond

predetermined upper and lower threshold values (Tung et al.,
2014). Mathematically, this can be represented as Nt

0 = max(min
(Nt,U), L), where Nt and Nt

0 are population sizes before and after the
application of the control method, U and L are the pre-determined
values of the upper and lower thresholds, and max and min denote
the maximum and minimum operators. Here, we arbitrarily chose
the upper and lower thresholds as 4 and 10 females respectively.
Since the dynamics of sexually reproducing species are primarily
driven by the number of females in the population, we restricted
the implementation of the control to the females. In other words,
when the number of females in a given generation was less than
4 or more than 10, BLC was applied by restocking to 4 females or
culling to 10 females respectively.

2.2.2. Target-Oriented Control (TOC)
In TOC, the population size is nudged towards an a priori fixed

target value (Dattani et al., 2011). It is a two-parameter control
method which can be mathematically represented as
Nt

0 = Nt + cd� (Ʈ � Nt), where Nt and Nt
0 are population sizes before

and after the application of TOC and Ʈ denotes the target
population size. The parameter cd (arbitrarily set to 0.7 here)
represents the fraction by which the difference between the target
(set arbitrarily to 30) and current population size is restocked or
culled. Thus, in our experiment, when the population size exceeds
30, 70% of the excess individuals are culled and when population
size is below the target, 70% of the difference in number of
individuals is added to the population.

Since earlier theoretical studies (Dattani et al., 2011; Tung et al.,
2014) had suggested TOC to be a very effective control method, we
decided to test it under somewhat more stringent conditions than
BLC. For this, we incorporated some degree of imprecision in the
implementation of the control method. Modifying the protocol of
an earlier study (Dey and Joshi, 2006), in this study we estimated
the number of females to be added or removed as floor
[0.5 � cd� (Ʈ � Nt)], where floor [x] denotes the function leading
to the largest integer not greater than x. This way of calculating the
magnitude of the control assumes an equal sex ratio which will not
be the case in every generation, thus introducing some noise in the
implementation.

We used three measures of stability, namely constancy,
persistence and effective population size. Constancy stability
(Grimm and Wissel, 1997) of populations refers to the magnitude
of temporal fluctuations in population sizes: population that have
larger fluctuations have lesser constancy stability and vice versa.
Persistence stability of a population is a measure of its probability
of extinction (Grimm and Wissel, 1997) such that higher extinction
probability denotes lower persistence stability and vice versa.
Effective population size (Ne) is an indicator of how fast a
population is expected to lose its genetic variation and thus, is a
measure of its genetic stability (Hare et al., 2011). Following a
previous study (Hilker and Westerhoff, 2005) we estimated the
effort magnitude, which is a proxy for the cost of implementation
of the control methods. This quantity computes the number of
individuals externally added or removed per generation. Effort
frequency was measured as the proportion of generations external
perturbation was required. All performance indices (except
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