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Abstract 18 

Although a large number of methods have been proposed to control the non-linear dynamics of 19 
unstable populations, very few have been actually adopted for application. One reason for this 20 
gap is the fact that few control methods have been empirically verified using biological 21 
populations. To address this issue, we investigated the effects of two well-studied control 22 
methods (Both Limiter Control and Target-Oriented Control) on the dynamics of unstable 23 
populations of Drosophila melanogaster. We show that both methods can significantly reduce 24 
population fluctuations, decrease extinction probability and increase effective population size 25 
simultaneously. This is in contrast with single parameter control methods that are not able to 26 
achieve multiple aspects of stability at the same time. We use the distribution of population sizes 27 
to derive biologically intuitive explanations for the mechanisms of how these two control 28 
methods attain stability. Finally, we show that non-Drosophila specific biologically realistic 29 

simulations are able to capture almost all the trends of our data. This shows that our results are 30 
likely generalizable over a wide range of taxa. The primary insight of our study is that control 31 
methods that incorporate both culling and restocking have better all-round performance in terms 32 
of stabilizing populations.33 
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1. INTRODUCTION 34 

Although several methods have been proposed for stabilizing biological populations over the last 35 
two decades (e.g. Dattani et al. 2011; Güémez and Matías 1993; Hilker and Westerhoff 2005; 36 
McCallum 1992; Sah et al. 2013), few (if any) have been actually applied for conserving 37 
threatened populations. This gap between theory and application has several putative reasons. 38 
Firstly, control methods are often investigated in the context of simple 1-D models (McCallum 39 
1992) which are typically not good descriptors of the dynamics of “charismatic species” like 40 
mammals or birds. Unfortunately, it is the charismatic species that are generally the focus of 41 
most conservation efforts (Kontoleon and Swanson 2003) and therefore most practising 42 
conservation biologists find little use for much of the proposed control methods. However, it 43 
should be noted here that simple 1-D models are often found to be good descriptors of the 44 
dynamics of a large number of non-charismatic species. This is not surprising since the 45 

derivations of many of these models are based on assumptions about the kind of competition and 46 
spatial distribution of organisms that are valid over a wide range of taxa (Brännström and 47 
Sumpter 2005). For example, the Ricker model has been shown to be a good descriptor of the 48 
dynamics of, inter alia, bacteria (Ponciano et al. 2005), fungi (Ives et al. 2004), ciliates (Fryxell 49 
et al. 2005), insects (Sheeba and Joshi 1998) and fishes (Denney et al. 2002). Together, these 50 
organisms represent an overwhelming majority of the biodiversity found on this planet, at least a 51 
fraction of which has already been recorded to be extinct (Baillie and Butcher 2012). Thus, the 52 
conservation of such non-charismatic species is likely to become important sooner than later and 53 

it is essential to investigate the methods to conserve them.  54 

Another major issue with several existing theoretical studies lies in the plurality of the concept of 55 
stability. In ecology, the term stability can refer to many concepts (Grimm and Wissel 1997) and 56 

most theoretical studies typically restrict to any one of them. However, in any real world usage, 57 
the adopted control method must be able to simultaneously stabilize multiple aspects of the 58 
dynamics. Thus, for example, a method that reduces fluctuations in population sizes, but has 59 
relatively less impact on extinction probability, is of limited utility. Since different aspects of 60 
often do not correlate with each other (Dey and Joshi 2013; Dey et al. 2008), choosing a method 61 

often becomes problematic. 62 

To complicate matters further, most control methods proposed in the theoretical literature lack 63 
adequate empirical (i.e. ones that use real biological populations as opposed to computer 64 
simulations) verification. Some of the most well-known empirical studies on population control 65 
deal with methods that either require high levels of mathematical sophistication (e.g. Desharnais 66 

et al. 2001) or very detailed models of the system (Becks et al. 2005). The high degree of 67 
specificity of these studies can sometimes make it difficult to extend their insights into 68 

controlling other systems. Moreover, such studies (Becks et al. 2005; Desharnais et al. 2001) 69 
often deal with amelioration of chaos or characterization of the attractor, whereas the primary 70 
concern of most conservation biologists would be to prevent inbreeding or reduce extinction 71 
probability. Consequently, such empirically well-characterized control methods turn out to be of 72 
limited relevance for most real-world applications. As stated already, much of the proposed 73 

control methods have never been investigated using biological populations. Given that the 74 
survivals of species are at stake, the reluctance of the practitioners in adopting untested methods 75 
for controlling natural populations is well justified. The only way to bridge this gap between 76 

theory and practise is to empirically verify the control methods proposed in the literature under 77 
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conditions that are as close to their conditions of intended use as possible. Clearly, methods that 78 

require relatively less system-specific information and are easier to implement (e.g. Gusset et al. 79 
2009; McCallum 1992), are likely to be more useful in this context. One such set of control 80 

methods is the so-called limiter class of methods.  81 

 82 

Broadly speaking, the limiter methods do not allow the populations to go above or below 83 
(depending on the method) a pre-determined threshold through culling or restocking 84 
respectively. Recent empirical studies have shown that such methods can typically reduce either 85 
fluctuations in population sizes or extinction probability, but not both (Sah et al. 2013; Tung et 86 
al. 2015). This observation led to the conjecture that methods which involve both restocking and 87 
culling might prove to be more successful in simultaneous control of multiple aspects of 88 

stability. A well-studied method of this type is the Target-Oriented Control (TOC) (Braverman 89 
and Chan 2014; Braverman and Franco 2015; Dattani et al. 2011; Franco and Liz 2013) which is 90 
a modification of the traditional proportional feedback method (Güémez and Matías 1993; Liz 91 
2010). In TOC, the current population size is perturbed towards a predetermined ‘target’ by 92 
culling or restocking (Dattani et al. 2011; Franco and Liz 2013). The magnitude of the 93 
perturbation is determined based on the difference between the pre-perturbation population size 94 
and the target value. Theoretical studies have shown that TOC globally stabilizes higher order 95 
difference equations (Braverman and Franco 2015) and is particularly useful in those cases 96 
where the population size needs to be manipulated towards a pre-determined value (Dattani et al. 97 

2011). 98 

Another method that involves both culling and restocking is the recently proposed Both Limiter 99 
Control or BLC, which involves setting an upper and a lower threshold a priori (Tung et al. 100 

2014). Each time the population size is outside the range set by these thresholds, appropriate 101 
culling or restocking is implemented to bring the size back to the upper or the lower threshold 102 
respectively. It has been shown numerically that BLC can protect populations from 103 
overcrowding and extinction risk due to demographic stochasticity (Tung et al. 2014). However, 104 
till date, there has been no empirical investigation of how these two control methods affect the 105 

dynamics of real biological populations. 106 

 107 
In this study, we investigate the effects of BLC and TOC in stabilizing the dynamics of spatially-108 
unstructured laboratory populations of Drosophila melanogaster. Both these methods were 109 
found to be capable of inducing significant reduction in fluctuations in population sizes and 110 
extinction probability. Moreover, both methods also significantly increased the effective 111 

population sizes. However, the superior performance of BLC and TOC came at the cost of a 112 
significantly large effort magnitude, which is likely to translate into relatively high economic 113 

expenditure. We also derive biologically intuitive understandings of how the control methods 114 
work by comparing the distribution of population sizes with and without control. Finally, we 115 
show that simulations using a biologically realistic, non-Drosophila-specific model, can capture 116 
most of the trends of our experimental results. This suggests that our observations are likely to be 117 
generalizable over a wide range of taxonomic groups.  118 
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2. METHODS 119 

2.1 Experimental populations and their maintenance 120 
In this study, we used 20 single vial populations of Drosophila melanogaster derived from a 121 
large outbred population, called DB4. The ancestry and maintenance regime of the outbred 122 
population is mentioned elsewhere (Sah et al. 2013). Each single vial culture was initiated by 123 
collecting 10 eggs on 1.1 ml of standard banana-jaggery medium and reared in an incubator at 124 
25

ᵒ 
C temperature under constant light. Once the adults started eclosing in a vial, they were 125 

transferred daily into corresponding adult-holding vials containing ~6ml of medium. The 126 
correspondence between an egg-collection vial and its adult-holding vial was strictly maintained. 127 
On the 18

th
 day from the day of egg collection, the flies were supplied with live yeast paste to 128 

boost fecundity. Three days later, the adults were counted under mild CO2 anaesthesia and 129 
culling or restocking were implemented wherever necessary as per the protocol of the 130 
corresponding control method (see section 2.2). After this, the adults were put into fresh vials 131 

containing 1.1 ml food for oviposition. After 24 hours, the adults were discarded and the eggs 132 
formed the next generation. The experiment was 14 generation long and all indices (except 133 
extinction probability) were computed on the time series of the breeding population (i.e. after the 134 
implementation of restocking/culling).  135 

 136 

2.2 Control methods 137 
Both Limiter Control (BLC): In BLC, the population size is not allowed to go beyond 138 
predetermined upper and lower threshold values (Sah et al. 2013). Mathematically, this can be 139 
represented as Ntˊ = max(min(Nt, U), L), where Nt and Ntˊare population sizes before and after 140 
the application of the control method, U and  L are the pre-determined values of the upper and 141 
lower thresholds, and max and min denote the maximum and minimum operators. Here, we 142 
arbitrarily chose the lower and upper thresholds as 4 and 10 respectively. Since the dynamics of 143 

sexually reproducing species are primarily driven by the number of females in the population, we 144 
restricted the implementation of the control to the females. In other words, when the number of 145 
females in a given generation was less than 4 or more than 10, BLC was applied by restocking to 146 
4 females or culling to 10 females respectively. 147 

 148 
Target Oriented Control (TOC): In TOC, the population size is nudged towards an a priori fixed 149 
target value (Dattani et al. 2011). It is a two-parameter control method which can be 150 

mathematically represented as Ntˊ = Nt + cd × (Ʈ-Nt), where Nt and Ntˊ are population sizes before 151 

and after the application of TOC and Ʈ denotes the target population size. The parameter cd 152 
(arbitrarily set to 0.7 here) represents the fraction by which the difference between the target and 153 
current population size is restocked or culled. Thus, in our experiment, when the population size 154 

exceeds the target (Ʈ), 70% of the excess individuals are culled and when population size is 155 
below the target, 70%of the difference in number of individuals is added to the population. 156 
Simulations suggest that when the target is kept close to the carrying capacity of the unperturbed 157 
population, TOC requires very little external perturbation in the long term (Dattani et al. 2011). 158 

To obtain an estimate of the carrying capacity (K), we fitted the Ricker model (Ricker 1954) to 159 
time series data of unperturbed Drosophila populations, under similar maintenance regime, from 160 
one of our earlier studies (Sah et al. 2013). This led to a mean value of 25 ± 8.4 (standard 161 
deviation). Since the Ricker model shows stable-point equilibrium at K, we arbitrarily set the 162 
value of the target at 30. This slight departure from the estimated value was implemented 163 
because precise estimates of K are unlikely to be obtained for most real scenarios.  164 
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Since earlier theoretical studies (Dattani et al. 2011; Tung et al. 2014) had suggested TOC to be a 165 

very effective control method, we decided to test it under somewhat more stringent conditions 166 
than BLC. For this, we incorporated some degree of imprecision in the implementation of the 167 
control method. Modifying the protocol of an earlier study (Dey and Joshi 2006), we estimated 168 

the number of females to be added or removed as floor [0.5 × cd × (Ʈ-Nt)] where floor [x] 169 
denotes the function leading to the largest integer not greater than x. This way of calculating the 170 
magnitude of the control assumes an equal sex ratio which will not be the case in every 171 
generation, thus introducing some noise in the implementation. 172 
 173 

2.3 Unperturbed populations and experimental replicates 174 
Apart from the BLC and TOC lines, we also had two sets of populations that were kept 175 
unperturbed, and maintained as mentioned in section 2.1. These two sets were called C1 and C2, 176 
and they served as unperturbed reference populations for BLC and TOC respectively. This 177 

pairing was done at the time of the experimental set up. The dynamics of the C1 and C2 178 
populations have already been reported previously (Tung et al. 2015). When the C1 or C2 179 
populations went extinct, they were reset by adding 4 males and 4 females from outside, which 180 
contributed to the effort magnitude (see below) of these populations. There were no needs for 181 
separate resets in the BLC and TOC lines, since the control methods automatically ensured that 182 
the extinct populations were rescued. All flies that were used for restocking were maintained as 183 
mentioned in section 2.1 except for the fact that they were provided with ~5 ml of larval food. 184 
Overall, there were four treatments (BLC, TOC, C1 and C2) in this study and each consisted of 5 185 
replicate populations. 186 

 187 
2.4 Stability measures 188 
We used three measures of stability, namely constancy, persistence and effective population size.   189 

Constancy stability (Grimm and Wissel 1997) of populations refers to the magnitude of temporal 190 
fluctuations in population sizes: population that have larger fluctuations have lesser constancy 191 
stability and vice versa. We estimated constancy stability as the fluctuation index (FI) of the time 192 
series (Dey and Joshi 2006) which is given as  193 

                                          

   

   

 

where     denotes the breeding population size in t
th

 generation and    denotes average 194 
population size over T generations. Thus, higher values of FI suggest lower constancy and vice-195 
versa. 196 

Persistence stability of a population is a measure of its probability of extinction (Grimm and 197 
Wissel 1997) and was quantified as the proportion of generations in which a population went 198 

extinct, i.e.  199 
Extinction probability= Number of extinction events/Total number of generations 200 

Clearly, higher extinction probability denotes lower persistence stability and vice versa. Since 201 
the control methods ensured that all extinctions were rescued, we scored the extinctions before 202 
the controls were implemented. 203 

Effective population size (Ne) is an indicator of how fast a population is expected to lose its 204 
genetic variation and thus, is a measure of its genetic stability (Hare et al. 2011). We estimated 205 
Ne as the harmonic mean of the time series (Allendorf and Luikart 2007), i.e.  206 
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We also measured the average population size as the arithmetic of the population time series. 207 

2.5 Effort magnitude and frequency 208 
Following a previous study (Hilker and Westerhoff 2005) we estimated the effort magnitude, 209 
which is a proxy for the cost of implementation of the control methods. This quantity computes 210 
the number of individuals externally added or removed per generation and is given as: 211 

                                      

 

   

 

where    and     are the population sizes before and after external perturbation in the t
th

 212 

generation respectively.     and T denote the average population size and length of the time series 213 

respectively (Sah et al. 2013). 214 
Effort frequency was measured as the proportion of generations external perturbation was 215 
required i.e. the number of generations when perturbation was required divided by the total 216 
number of generations. 217 

 218 

2.6 Statistical analyses  219 
For statistical analyses, BLC and TOC were compared against the corresponding reference 220 
populations, C1 and C2, respectively. The data for the various indicators of stability (section 2.4) 221 
along with the effort magnitude and frequency (section 2.5) were subjected to separate one-way 222 
ANOVAs using STATISTICA

®
v5 (StatSoft. Inc., Tulsa, Oklahoma).We also computed the 223 

effect size of the difference between the means as Cohen’s d (Cohen 1988) using a freeware 224 
Effect Size Generator (Devilly 2004). Following standard recommendations (Cohen 1988), the 225 

value of effect size (d) was interpreted as large, medium and small when d>0.8, 0.8>d>0.5 and 226 
d<0.5 respectively. 227 

 228 
2.7 Simulations 229 
In order to test the generalizability of our empirical results, we performed biologically-realistic 230 
simulations using the Ricker model (Ricker 1954). Details of the simulations are mentioned in 231 
the supplementary section (Online Appendix A).  232 
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3. RESULTS 233 

3.1 Both Limiter Control (BLC) 234 
 In the absence of control (i.e. for C1), population size distribution was observed to be positively 235 
skewed with a long right hand tail (figure 1A). When BLC was applied, the distribution became 236 
more symmetric with a higher mean and higher median population size (figure 1B). The absence 237 
of extreme values was reflected in terms of constancy and persistence. Compared to the C1 238 
populations, the BLC populations had significantly reduced population fluctuation (figure 2A; 239 
F1,8=56.83, p = 0.00007, d = 4.77) as well as extinction probability (figure 2B; F1,8=26, 240 
p=0.0009, d= 3.23). Thus, both constancy and persistence stability were significantly enhanced 241 
and so were effective population size (figure 2C; F1,8=18.65, p = 0.003, d = 2.73) and average 242 
population size (figure2D; F1,8=23.21, p=0.001,d = 3.05). However, there was a steep cost to the 243 
attainment of this stability. BLC required significant effort magnitude (figure 2E, F1,8=574.56, p 244 
< 10

-8
,d= 15.16) and perturbations happened in almost every generation (figure 2F). 245 

Interestingly, although BLC involves both culling and restocking, here we found that culling 246 
events occurred more frequently than restocking ones (figure 3B) and are larger in magnitude 247 
(figure 3A). All the differences in means reported for BLC had large effect sizes (i.e. d > 0.8, see 248 
Table B1 for 95% CI around d). 249 

 250 
3.2 Target Oriented Control (TOC) 251 
The population size distribution of C2, like C1, had a long right hand tail (figure 4A). TOC 252 
prevented population sizes from taking extreme values, which made the distribution more 253 
symmetric with higher mean and median values (figure 4B). Thus, not surprisingly, TOC also 254 
increased both constancy and persistence stability by significantly decreasing fluctuation index 255 
(figure 5A; F1,8= 31.16, p= 0.001, d= 3.5) and extinction probability (figure 5B;F1,8= 32, p= 256 
0.0005,d= 3.58) respectively. Interestingly, although TOC increased the effective population size 257 

of the controlled populations significantly (figure 5C; F1,8= 30.7, p= 0.001, d= 3.5), it had no 258 
effect on the average population size (figure 5D; F1,8=0.13, p=0.73, d= 0.23). Like BLC, the 259 
stability attained by TOC came at a high cost in terms of effort magnitude (figure 5E, F1,8= 260 
921.16, p <10

-8
, d= 19.2) and frequency (figure 5F, F1,8= 591.4, p <10

-8
, d= 15.4). Unlike BLC 261 

though, in TOC, culling and restocking happened with almost similar frequency (figure 3D) and 262 
the effort magnitude for culling was only slightly greater than that for restocking (figure 3C). All 263 
the differences in means reported for TOC had large effect sizes (i.e. d> 0.8) except that for 264 
average population size, where it was found to be small (i.e. d< 0.5; see Table B2 for 95% CI 265 

around d).  266 
 267 

3.3 Simulations 268 
For both BLC and TOC, the outputs of the simulations using Ricker model under biologically 269 

realistic conditions followed the same trends as the experimental results (cf figure 2 and 5 with 270 
figure C1 and C2 respectively). The sole exception to this observation was the average 271 
population size for BLC. In experimental populations, BLC had significantly higher average 272 

population size than the unperturbed populations, whereas in simulations they have similar 273 
values (cf figure 2D and C1D).  274 
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4. DISCUSSION 275 
Here we empirically studied the effects of two control methods in terms of inducing stability in 276 
unstable biological populations. However, it should be noted that this study does not concern 277 
itself with a direct comparison of the relative efficiency of these two methods. This is because it 278 
has already been shown numerically that most control methods are capable of inducing any 279 
desired level of stability with the correct choice of the value of the control parameter (Tung et al. 280 
2014). Thus, comparisons of relative efficiency are possible only when both methods lead to the 281 
same level of stability, e.g. say a 50% enhancement of constancy as compared to the dynamics of 282 
the unperturbed populations (Tung et al. 2014). Clearly, in an experimental scenario, it is almost 283 
impossible to choose such parameter values a priori and therefore direct comparison of the 284 
efficiencies of the methods are improper. Hence, the goals of this study are to validate whether 285 
the methods can induce stability or not and to gain a biological understanding of the mechanisms 286 
by which these methods work. Thus, we prefer intuitive explanations based on how the control 287 

methods affect the population size distributions, instead of mathematically rigorous theorems and 288 
lemmas on how stability is attained.  289 

 290 

 
Figure 1. Population size distributions for unperturbed and BLC populations.  A. 

Unperturbed (C1).  B. BLC populations. Each distribution was plotted by pooling the data from 

all 5 populations over 14 generations. The bin size is 5 when the population size is in the range 

0-20, and 20 otherwise. BLC made the distribution more symmetric and increased the measures 

of central tendencies (mean and median). 

 291 
 292 
4.1 Both Limiter Control 293 
Population size distribution and constancy: In the absence of any control, the distribution of 294 

population sizes had a long tail towards the right and about 49% of the values lay between 0-20 295 

(figure 1A). As a result, the mean was much larger than the median which was also reflected as a 296 
high value for skewness (figure 1A). This kind of a distribution is a characteristic of populations 297 
undergoing high amplitude oscillations in sizes, which is known to be a feature of Drosophila 298 
populations subjected to a combination of low levels of larval nutrition and high levels of adult 299 
nutrition (Mueller 1988; Mueller and Huynh 1994). This is because high adult nutrition boosts 300 

the fecundity of the files which allows them to overcome the negative effects of density- 301 
dependence on fecundity at high population densities in a given generation (say t). As a result, a 302 
large number of eggs are laid, which leads to an overcrowding in the larval population of the 303 
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next generation (t+1). Now, if the amount of larval nutrition available is less, the larval mortality 304 

is greatly increased, which in turn causes a crash in the adult numbers in generation t+1.  305 
However, the high fecundity of the flies ensures an immediate recovery from this trough in adult 306 
population size in the next generation (t+2), and thus the high-amplitude cycles continue 307 
(Mueller and Joshi 2000). Not surprisingly, the constancy stability of such dynamics is low 308 
(Mueller and Huynh 1994; Mueller and Joshi 2000; Sheeba and Joshi 1998). 309 
 310 
When BLC was applied, the distribution became more symmetric as the right hand tail was 311 
curtailed and only 10.6% of the values lay in the range of 0-20 (figure 1B). Consequently, the 312 
mean came closer to the median and the value of the skewness was reduced (figure 1B). There 313 
were two reasons for this. Firstly, by definition, BLC ensured culling of individuals when the 314 
population size was above the upper threshold. Secondly, the presence of an upper threshold 315 
prevented over-crowding in the adult stage. This reduced the number of eggs laid in the next 316 

generation, ensuring lower egg-to-adult mortality and thus reducing the amplitude of population 317 
crashes. This is the biological equivalent of truncating the stock-recruitment curve (Hilker and 318 
Westerhoff 2005) and is known to reduce population size variability (Fryxell et al. 2005; Tung et 319 
al. 2015). Thus, not surprisingly, the fluctuation index of the BLC populations was found to be 320 
significantly lower than the corresponding unperturbed ones (figure 2A).However, this enhanced 321 
constancy came at a cost. 322 

 
Figure 2. Empirical results for the effects of BLC. C1 represents corresponding unperturbed 

populations. Each bar represents a mean over 5 replicate populations. Error bars denote standard 

error around the mean and * denotes statistical significance (p< 0.05). BLC decreased A. 

Fluctuation index and B. Extinction probability significantly. It increased C. Effective 

population size and D. Average population size although at the cost of significantly high E. 

Effort magnitude and F. Effort frequency. See text for possible explanations. 

 323 
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Effort magnitude and frequency: Implementation of BLC required interventions in almost 90% 324 

of the generations (figure 2F) to the tune of ~30 individuals per generation (figure 2E). This 325 
implies that the effort required for BLC is likely to be prohibitively expensive for any real world 326 
application. Interestingly, although BLC provides for both culling and restocking, our data shows 327 
that ~99% of the total effort magnitude (figure 3A) and ~91% of the effort frequency (figure 3B) 328 

involved culling. This suggests that, in practise, it is the culling part of BLC which is likely to  329 

 
Figure 3. Magnitude and frequency of culling and restocking perturbation. Each bar 

represents a mean over 5 replicate populations and error bars denote standard error around the 

mean. C1 and C2 represent the unperturbed populations for BLC and TOC respectively. BLC 

mainly incurred culling perturbation w.r.t. both A. Effort magnitude and B. Effort 

frequency.TOC incurred more culling for. C.Effort magnitude, but similar amount of D. Effort 

frequency (see text for possible explanation and implications). 

 330 

have a more significant impact on the dynamics. This is consistent with a recent empirical study 331 
(Tung et al. 2015) which shows that culling to a fixed upper threshold, aka Upper Limiter 332 
Control or ULC (Hilker and Westerhoff 2005), is capable of significant reduction in fluctuation 333 
in population sizes by itself. Thus, it is tempting to think of the restocking part of BLC as 334 
superfluous in terms of affecting the stability properties of populations. However, this simple 335 

line of reasoning was found to be erroneous, when we examined other kinds of stability. 336 
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Persistence stability: An unperturbed Drosophila population can become extinct in two different 337 

ways. Firstly, as discussed above, large breeding population sizes in generation t can lead to 338 
extinction in the next generation (i.e. t+1), due to population crashes. Secondly, when the 339 
breeding population size is small, there is always a possibility of extinction in the next generation 340 
due to demographic stochasticity like all individuals being of the same sex or very low fecundity 341 
of the few available females etc (Lande 1988). In other words, both large and small breeding 342 
population sizes can lead to extinctions in the next generation. Although culling reduces the 343 
frequency of population crashes, it does not completely ameliorate it and therefore is unlikely to 344 
be a sufficient condition to increase persistence. This line of reasoning is supported by recent 345 
experimental results that showed that although ULC could cause some reduction in extinction 346 
probability, the effect was not statistically significant (Tung et al. 2015). BLC ameliorates this 347 
problem by putting a threshold to the lower values that the population can attain, and thus was 348 
more successful in promoting persistence (figure 2B). In fact, no extinctions happened in any of 349 

the 5 replicates that were controlled using BLC, which is also consistent with past theoretical 350 
studies (Tung et al. 2014). 351 

 352 

Effective and average population size: A fluctuating population tends to lose genetic variability 353 
whenever it experiences population crashes (Allendorf and Luikart 2007). This can in turn lead 354 
to inbreeding-like effects, thus increasing the probability of extinction (Bijlsma et al. 2000). We 355 
quantified the effects of BLC on the genetic stability by estimating the effective population size 356 
(Ne) as the harmonic mean of the population time series which is sensitive to low population 357 
numbers. BLC was found to significantly increase the Ne by about 3 times (figure 2C). 358 
Interestingly, a previous study that employed an upper threshold of 10 individuals (i.e. the same 359 
as the upper threshold of our BLC) failed to find a significant increase in Ne (Tung et al. 2015). 360 

This was primarily because there was a large variation in terms of the change in Ne which is in 361 
turn consistent with the observation that culling reduces the frequency of crashes in Drosophila 362 
populations, but does not ameliorate them totally. As BLC also ensures that the lower population 363 
size never goes below a pre-determined threshold, it completely rules out population crashes, 364 

thus causing a significant increase in Ne. 365 

Somewhat counter intuitively though, BLC also increased the average population size (figure 366 
2D). Earlier theoretical studies have indicated that populations whose distributions have a long 367 
right tail (figure 1A) do not show an increase in average population size upon culling (Hilker and 368 

Westerhoff 2005). This prediction has also been verified by a recent study which employed the 369 
same level of culling as our current experiments (Tung et al. 2015). The only difference between 370 
the ULC treatment of the previous study (Tung et al. 2015) and our experiments is the restocking 371 

applied at very low magnitude (figure 3A) and frequency (figure 3B). However, this is 372 

insufficient to explain the observed increase in average population size as, unlike the harmonic 373 
mean, the arithmetic mean is not affected too much by low values in the population time series. 374 
Thus, it is not clear at this point as to why we observed an increase in the average population size 375 

in our experiments.    376 

Simulations: Our simulations were able to capture all the trends of the empirical data (cf figure 2 377 
with figure C1) except the one about average population size (figure C1D). Our simulation 378 
results predict no increase in average population size, which is consistent with earlier theoretical 379 

(Hilker and Westerhoff 2005) and empirical (Tung et al. 2015) studies on the effects of culling. 380 
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To summarize, at the level studied in this experiment, BLC enhanced all aspects of stability 381 

(constancy, persistence, effective population size) and average population size of unstable 382 
Drosophila population at the cost of very high effort. 383 

 384 
 385 
4.2 Target Oriented Control (TOC) 386 
Population size distribution and constancy stability: TOC is a two parameter control method in 387 
which a population is perturbed (i.e. culled or restocked) towards a pre-determined threshold 388 
(Dattani et al. 2011). For this experiment, the threshold was fixed at 30 (see methods for 389 
rationale) and each generation, 70% of the difference between the threshold and the present 390 
population size was either culled or restocked when the population size was greater or lesser than 391 
30 respectively. Consequently, like BLC, TOC was also able to reduce the frequency of extreme 392 
values in the population size distribution (figure 4B). However, in the absence of fixed upper or 393 

lower thresholds, TOC was less effective in ameliorating the extreme values in the distribution 394 
(i.e. population booms and crashes) than BLC. This was reflected in the difference between the 395 
mean and the median and the higher value of skewness for TOC (cf figure 1B and figure 4B).The 396 
presence of greater number of extreme values might also be a result of the intentionally induced 397 
experimental noise, which was incorporated to put TOC to a more stringent test. Nevertheless, 398 
TOC was able to cause a significant reduction in fluctuation index (figure 5A). 399 
 400 

 401 

 
Figure 4. Population size distributions of the unperturbed and TOC populations.  A. 

Unperturbed (C2). B. TOC populations. Each distribution was plotted by pooling the data from 

all 5 populations over 14 generations. The bin size is 5 when the population size is in the range 

0-20, and 20 otherwise. TOC reduced the skewness and overall range of the population size 

distribution. 

 402 

Effort magnitude and frequency: By its very design, application of TOC is expected to require 403 
culling or restocking except for the rare cases when population size would be exactly equal to the 404 
target value. Therefore, the effort frequency was found to be close to 1 (figure 5F). More 405 
crucially, there was a qualitative difference in terms of the pattern of the effort magnitude. 406 
Unlike BLC, which consisted chiefly of culling (figure 3A, 3B), both culling and restocking 407 
were almost equally represented in the implementation of TOC in terms of magnitude (figure 408 
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3C) as well as frequency (figure 3D). This difference in the relative frequency of culling and 409 

restocking between the two methods can again be explained by the population size distributions. 410 
In BLC, culling to a fixed upper threshold (10 females in our experiment) reduces the frequency 411 
of population crashes and therefore, leads to few opportunities for restocking. This is reflected by 412 
the fact that there are few values towards the left in figure 1B. Hence, almost the entire effort in 413 
terms of both magnitude (figure 3A) and frequency (figure 3B) is devoted to culling. On the 414 
other hand, by definition, TOC requires restocking whenever the number of individuals is less  415 

 
Figure 5. Empirical results for the effects of TOC. C2 represents the unperturbed populations. 

Each bar represents a mean over 5 replicate populations. Error bars denote standard error around 

the mean and * denotes p< 0.05. TOC decreased A. Fluctuation index and B. Extinction 

probability and increased C. Effective population size significantly, although it did not alter D. 

Average population size. TOC incurred significantly high E. Effort magnitude and F. Effort 

frequency. See text for possible explanations. 

 416 
than 30. Clearly, for the level investigated in this study, TOC is less capable of checking 417 
increases in population sizes than BLC (cf figure 4B with figure 1B). This ensured that the 418 

restocking condition for TOC was met more times during the course of the experiment than the 419 
corresponding restocking condition for BLC (less than 4 females). Since TOC was relatively less 420 

effective in reducing population crashes, this line of reasoning leads to the prediction that TOC 421 
would be somewhat less effective than BLC in promoting persistence.  422 

 423 
Persistence stability, Ne and average population size: TOC was capable of significantly reducing 424 
the extinction probability of the populations (figure 5B), although unlike BLC (figure 2B), it was 425 

not able to ameliorate extinctions altogether. However, as stated already, direct quantitative 426 
comparisons in terms of efficacy of the control methods are meaningless. More interesting is the 427 
observation that even with ~ 55% less effort than BLC (cf figure 2E and 5E), TOC was capable 428 
of a significant reduction in extinction probability (figure 5B). Similarly, the level of TOC 429 
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investigated in this study was sufficient to induce a significant increase in effective population 430 

size (figure 5C) although the increase was not as much as that found in the BLC treatments. The 431 
reason for this can again be traced to the relatively large frequency of small sizes (thin bars in 432 
figure 4B) in the TOC populations as compared to the BLC populations (figure 1B) and the fact 433 
that Ne is more sensitive to small values. As expected from previous numerical studies (figure 5B 434 
of Dattani et al. 2011) and our own simulations (figure C2D), we found no difference in the 435 
average population size of the TOC populations (figure 5D).  436 
 437 
Simulations: Our biologically realistic simulations were able to capture all the trends of the 438 
empirical data (cf figure 5 with figure C2), which ensures that these results are likely to be robust 439 
to noise and generalizable to other species. 440 
 441 
In short, our study found that TOC increased constancy, persistence and Ne of unstable 442 

Drosophila populations, but had no effect on average population size.  443 
 444 

 445 

4.3 Caveats 446 
Although we demonstrate that BLC and TOC can increase constancy, persistence and genetic 447 
stability of real biological populations, a number of caveats should be considered before 448 
extrapolating the results to field populations. Our experiments and simulations were performed 449 
on spatially unstructured, single species populations. However, most natural populations exist in 450 
multi-species communities and inhabit patchy habitats connected via migration. The dynamics of 451 
the population in such cases are expected to be more complex and it is not possible to infer how 452 
much of our results would be applicable to those scenarios. Moreover, while calculating the 453 
effort of implementation, we have ascribed similar weightage to both culling and restocking. But 454 

this may not be the situation in the wild, where depending on the context, culling might be easier 455 
than restocking or vice versa. Additionally, during restocking, individuals coming from outside 456 
may harbour new genetic variation and thereby alter the genetic makeup of the native population. 457 
Thus the effects of culling and restocking on the standing genetic variation may be 458 
fundamentally different, something that is ignored when Ne is used as a proxy for estimating how 459 
fast the population loses its variation. Furthermore, both these methods demand good estimates 460 
of the population sizes which might be an economically expensive affair to begin with. Finally, 461 
one must never lose sight of the biology of the controlled species as improper control can be 462 

disastrous for the ecosystems (Pyke 2008).  463 
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Appendix A: Description of simulations 567 

We used the Ricker growth model (Ricker 1954) for simulating the dynamics of the unperturbed 568 
populations. This model is given as Nt+1=Nt*exp(r*(1-Nt/K)), where r, K and Nt denote intrinsic 569 
growth rate, carrying capacity and population size at time t respectively. The two control 570 
methods, Both Limiter Control (BLC) and Target Oriented Control (TOC) were imposed 571 

according to the following mathematical form (Tung et al. 2014): 572 

BLC: N’
t
= max [L, min [N

t
 , U]] 573 

TOC: N’
t
= max [0, c

d 
×Ʈ+ (1 - c

d
) ×N

t
)] 574 

where N
t
 and N’

t
 are the population sizes before and after perturbation in the t

th
 generation. N

t+1
 575 

= f(N’
t
), where f stands for Ricker model. U and L are the upper and lower thresholds of BLC 576 

while Ʈand c
d
 represent target and control intensity of TOC respectively. min[] and max[] stand 577 

for minimum and maximum operators. 578 

Parameter values: We fit the Ricker model to the unperturbed experimental time-series (C1 and 579 
C2) and obtained a mean r and K of 2.6 and 34 respectively. These values of r and K were then 580 
used to simulate the dynamics of unperturbed and controlled populations. Matching the 581 
experimental values, upper (U) and lower (L) threshold for females in BLC were kept at 10 and 4 582 

whereas the target (Ʈ) and control intensity (c
d
) for TOC were fixed at 30 and 0.7 respectively. 583 

Stochasticity and lattice effect: Since noise can significantly influence the dynamics of perturbed 584 
populations (Dey and Joshi 2007), we incorporated noise to both the parameters, r and K, in each 585 
iteration. Following an earlier study (Tung et al. 2015) we picked the r and K values from 586 

uniform distributions of 2.6 ±0.5 and 34±15 respectively. Real organisms always come in integer 587 
numbers [lattice effect (Henson et al. 2001)], a constraint that can potentially affect the dynamics 588 
of the systems. We incorporated the lattice effect in our simulations by rounding off the number 589 
of organisms as well as the values of the perturbations in each generation to the nearest integer 590 
less than the actual value. The Ricker model, when initiated with a nonzero value, does not take 591 
zero-values and hence can never show extinctions. However, the same is not true for the 592 
integerized model. Therefore, we set reset rules similar to the experiment for our simulations: 593 
when the unperturbed populations went extinct, the population size was reset to 8. No resets 594 
were necessary for the simulations incorporating BLC and TOC as both control methods 595 

involved restocking steps. 596 

The magnitudes of control to be applied were computed by assuming a 1:1 sex ratio. Thus, for 597 

BLC, the control method was implemented only when half the population size fell below 4 or 598 

exceeded 10. For TOC, the amount of perturbation was estimated by subtracting the population 599 
size before perturbation (Nt) from the calculated post perturbation population size (N’t) and then 600 

only half of the perturbation value was actually realised in each generation. 601 

To summarize, the sequence of steps in the simulation is given as: 602 
N’t-1 → [FUNC]→ [INT]→[EXT]→Nt → [CTRL] → N’t 603 

where N’t and Nt are the population sizes after and before application of control in the t
th

 604 
generation, and FUNC, INT,  EXT and CTRL represent the population recursion (here Ricker 605 
model), integerization, stochastic extinction and control (here BLC and TOC) functions 606 
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respectively. The initial value for all simulations was set to 10, which was the same as the 607 

starting population size in the experiments. Each simulation was run for 100 iterations. From the 608 
resulting time series FI, extinction probability, average population size, effective population size, 609 
effort magnitude and effort frequency were computed over the resulting time series. All 610 
calculations, except extinction probability, were performed on the time series of the N’t values. 611 
All figures (figure C1 and figure C2) represent means over 100 independent replicates for each 612 
treatment. This means that our simulations represent the dynamics of the populations over a 613 
longer time scale and larger number of replicates than what was performed in the experiments. 614 
This was important to study the long term behaviour of the populations and to ensure that our 615 
experimental results are not mere statistical artefacts. However, it is also important to ascertain 616 
whether we get back the same results if the simulations are repeated for the same number of 617 
replicates and number of generations as our experiments. Therefore, we also repeated all 618 
simulations for 14 generations and 5 replicates. Since there were no qualitative differences 619 

between the two cases, we chose to report the former set of simulations (i.e. 100 iterations and 620 

100 replicates) here, as they represent the dynamics over a slightly longer timescale.  621 
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Appendix B: Consolidated summary statistics 622 

 623 

Table B1: Summary statistics of the dynamics after applying BLC 624 

BLC 
Mean ±SE 

for C1 

Mean ±SE 

for BLC 

ANOVA 

F(1,8) 

ANOVA   

p value 

Effect size 

± 95% CI 
Inference 

Fluctuation index 1.28± 0.09 0.41± 0.07 56.83 0.00007 4.77± 2.43 Large 

Extinction probability 0.19± 0.04 0 26 0.0009 3.23± 1.88 Large 

Effective population size 6.8± 0.67 44.6± 8.7 18.65 0.003 2.73± 1.72 Large 

Average population size 37.5± 0.84 60.3± 4.68 23.21 0.001 3.05± 1.82 Large 

Effort magnitude 0.04± 0.01 0.5± 0.02 574.56 <10
-8

 15.16± 6.76 Large 

Effort frequency 0.17± 0.03 0.92± 0.03 250.9 <10
-6

 10.02± 4.6 Large 

 625 

* C1 is unperturbed reference populations corresponding to BLC populations respectively. 626 
Cohen’s d statistic (± 95% confidence interval) was considered as the measure for effect size and 627 

interpreted as small, medium and large for 0.2 < d < 0.5, 0.5 < d < 0.8 and d > 0.8 respectively. 628 

 629 

 630 

 631 

Table B2: Summary statistics of the dynamics after applying TOC 632 

TOC 
Mean ±SE 

for C2 

Mean ±SE 

for TOC 

ANOVA 

F(1,8) 

ANOVA   

p value 

Effect size 

± 95% CI 
Inference 

Fluctuation index 1.24± 0.08 0.69± 0.05 31.16 0.001 3.5± 1.98 Large 

Extinction probability 0.13± 0.01 0.01± 0.01 32 0.0005 3.58± 2 Large 

Effective population size 8.08± 1.33 25.4± 2.83 30.7 0.001 3.5± 1.97 Large 

Average population size 39.7± 3.94 41.9± 4.6 0.13 0.73 0.23± 1.24 Small 

Effort magnitude 0.03± 0.006 0.32± 0.007 921.16 <10
-8

 19.2± 8.5 Large 

Effort frequency 0.13± 0.02 0.96± 0.03 591.4 <10
-8

 15.4± 6.9 Large 

 633 

* C2 is unperturbed reference populations corresponding to TOC populations. Cohen’s d statistic 634 
(± 95% confidence interval) was considered as the measure for effect size and interpreted as 635 

small, medium and large for 0.2 < d < 0.5, 0.5 < d < 0.8 and d > 0.8 respectively. 636 

 637 

  638 
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Appendix C: Simulation Results 639 

 640 

 641 
Figure C1. Simulation results for the effects of BLC.  C represents unperturbed populations. 642 
Each bar represents a mean over 100 replicate populations and error bars denote standard error 643 
around the mean. A. Fluctuation index, B. Extinction probability, C. Effective population 644 

size, D. Average population size, E. Effort magnitude and F. Effort frequency. 645 

 646 

 647 

 648 

 649 
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 650 

 651 

Figure C2. Simulation results for the effects of TOC. C represents unperturbed 652 
populations.Each bar represents a mean over 100 replicate populations and error bars denote 653 
standard error around the mean. A. Fluctuation index, B. Extinction probability, C. Effective 654 

population size, D. Average population size, E. Effort magnitude and F. Effort frequency. 655 
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