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Abstract In Gilioli et al. (2008), management strategies for threatened species conservation are evaluated by
measuring the distance of a vector of presence/absence predicted by a metapopulation model from the vector
representing some specified target state, like an extinction state, by the Kullback-Leibler divergence. In Gilioli et al.
(2013), it has been show how this method supports the evaluation of short-term strategies for a pest, the Pine
processionary moth metapopulation in Aspromonte (Italy). The aim of this work is to explore the potential of the
proposed approach in more general situations, in order to extend it to invasive species.

1 Introduction

Linking a metapopulation model to a divergence measure is the core of the method proposed in
Gilioli et al. (2008) and further developed in Gilioli et al. (2013), for the evaluation of
metapopulation management strategies in applied ecology. Metapopulation models are
frequently used in a decision-making framework for conservation purposes mainly. However, only
seldom the objectives of the management are explicitly stated in terms of metapopulation model
variables (Possingham et al.,, 2001). The approach proposed in Gilioli et al. (2013), hereafter
G2013, focuses on the evaluation of predefined control strategies by considering the consequent
metapopulation dynamics as described by a metapopulation model. Therefore, the strategies
under evaluation are defined in terms of the model elements only, and evaluated in terms of
model outputs. As a spatially explicit metapopulation model, the Incidence Function Model (IFM)
introduced in Hanski (1994) in this and in the previous papers due to the relevance of
fragmentation on population dynamics (Didham, 2010).

In G2013 the proposed method has been extensively discussed with respect to the pest control
problems, and applied to control strategy evaluation for the Pine processionary moth
metapopulation in the Aspromonte Park (Italy). Here we discuss its performance from a more
general point of view, by using simulated data.

In Sections 2 and 3 the main features of the IFM and of the use of the Kullback-Leibler for
control strategy evaluation are summarized. In Section 4, simulated data sets are presented and
the results are discussed in Section 5.

2 ThelFM

In the IFM, the process of occupancy of patch i is described by a first-order Markov chain with two
states, {0, 1}. As 0 means empty patch and 1 occupied patch, the transition probability from 0 to 1
is the extinction probability, while the transition probability from 1 to 0 is the colonization
probability. For many plant pests, these transitions occur at regular times (yearly for univoltine
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species). For univoltine species the time interval corresponds to the generation time. Let A; be the
area of the patch i (km?); Ao the critical patch area for which the local population has a unit
probability of extinction in one time-step; d; be the Euclidean centroid-to-centroid distance (km)
between sites i and j. Moreover, let O be a positive constant setting the survival rate of migrants
over the distance; x be a parameter reflecting the severity of environmental stochasticity and y a
parameter describing the colonization ability of the species. Let be (t) the binary random variable
of the occupation state at time t and site i, Then, the extinction probability of a population in
patch i, E;, is assumed to only depend on the patch area: E; = min [(Ao/A)*, 1] while the
colonization probability of patch i is assumed to depends on the contribution of all the patches
occupied at the previous time: Ci(t + 1) = S%(t)/(S%(t) + %), where Si(t) = 3. [O(t) exp(-ady) A : jZ i] is
the connectivity of patch i at time t.

3 Management strategies: definition and ranking

In the framework here considered, strategies of pest control are only defined in terms of spatial
and temporal allocation of treatments, irrespective of the adopted control method. The only
requirements are that the patch area is the minimum spatial unit of intervention and control
operations target the entire pest populations in a patch. Each strategy is based on a set of patches
occupied from the data that are forced to be unoccupied at selected times.

At time T, the status of a metapopulation of n patches is evaluated by comparing the
probability distribution P of the random n-vector of presence/absence X; = (0(7) , ... , On(T))
predicted by the IFM, with the probability distribution Py indicating that populations in all patches
are certainly unoccupied: Po(0:(T) = 0, ..., O(T) = 0) = 1. The distance of P from Py is measured by
the Kullback—Leibler divergence, defined as KL(P) = -Log P(0:(T) =0, . . ., d,(T) = 0) = -Log P(Xr = 0),
where 0 denotes the vector of n elements all equal to 0. In the case of the multivariate IFM
considered here, KL(P) cannot be explicitly obtained, but it can be easily approximated by
simulations. As each strategy is described in terms of the state of the local populations, the
patches occupancy is simulated up to the evaluation time T according to the estimated model, and
at the treatment times the state of the treating patches is forced to be 0 if they are occupied (i.e.,
P is a conditional probability). Then, for each strategy the corresponding value KL(P) is computed:
the lower the value, the better the strategy.

4 Simulated data sets

To analyze the performances of the proposed method we considered 100 patches of different size
in an area of 50 x 50 Km?, arranged in four different habitat configurations varying from an almost
uniformly spatial distribution to more fragmented and spatially structured distributions, see Figure
1. Patch areas were simulated from a uniform distribution between 0.1 and 10 Km?. Occupancies
were simulated by running an IFM for 500 yr to reach quasi-equilibrium, as in Moilanen (1999).
The parameters choice was inspired by G2013, however the original values were modified to
guarantee strictly positive colonization probabilities and safe from too low extinction probabilities.
The adopted values are: Ag= 0.0004 Km? o =1 (meaning about 38% survival at 1 Km, 5% survival
at 3 Km and 0.1% at 7 Km), x = 0.15 and y = 0.001. Table 12 in Appendix B summarizes the main
features of the four simulated scenarios.

In typical situations of monitoring matapopulation dynamics only a few snapshots of data
are available. Accordingly, for each habitat configuration we considered the case of one only
snapshot (see Figure 1). For each habitat configuration, several strategies have been defined as
described in Section 3. A strategy consists of a list of patches to be treated and of the
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corresponding treatment times. The main aim of the analysis we summarize here was to
investigate if modifying connectivity contributes to pest control, according to the Kullback-Leibler
divergence criterion, as argued in G2013. Therefore, we mainly focused on the spatial allocation of
treatments. We supposed that a single treatment is applied in the first year following the sampling
period (let’s say, in 2014) and strategies outcomes are evaluated two years later (i.e., in 2016).

[ ) O o (]
. ®
1) ° © @ 2) ¢ .. o0
o 0 °
O O @)
[ 2 o & .. O . ° O‘.: .O
® S * 3
. . ‘vo i e y LA .. o
° el g .' 3 ° e R .. ®
Oo. G 0@ ® e LA
e O..o o,. °9 'O. ®. .
P . ° . ;. . .O
2 o o O
o9 Y ° o0 .. ..' .
. ® .' o @
® ® [ ) o o
[ ) o @] o [ ] o
LA ] o «®
.  J
3) O O ® 4) . * © @
O ® [ ] ¢} o~ @
.O ..O. O:... & o. .-"QOOO.
[ e . 00 . ‘ee O ® - o
. O . C'.. B
» 0@ .0 .
e 0 O o e °
fa} - -
o = ® . N . O. o O
° ° «® . o Lot
« Qe ® [ J ) . ‘..OQ o, 2
° 0 Y [ ] [ ° 5
® T® . °. O o ”. o ® ¢ . b
... ‘.'.v O'. ..'O. L ]
O * © «® as
.. [ ) - <

Figure 1 - The four simulated patch configurations (i.e., scenario) distributed over an area of 50 x 50 Km?. Filled circles

indicate occupied patches. The circle area is proportional to the patch area. Each scenario consists of 100 patches. The
number of occupied patches is: 67, 69, 78 and 72 respectively.

The evaluation has been carried out in two cases: 1. by using the simulation parameters set; 2. by
using the estimated parameters set.

To investigate the relationship between KL values and connectivity reduction due to strategy
application, the median connectivity was computed for each simulation at the year of strategy
application, and the median of the 100,000 connectivity values compared to KL values.
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Figure 2 — Habitat configuration 1. Filled circles indicate occupied patches: the red ones indicate those to be treated.
From the left to the right, a scattered strategy, an organized strategy and an organized-peripheral strategy.



For the sake of exemplification, Figure 2 shows an instance of the three kinds of strategies we
considered: a scattered allocation, an organized allocation where contiguous occupied sites are
treated, and an organized-peripheral allocation, where an organized allocation defines a clump at
the edge of the metapopulation. A target level for the treatment of 20% of the total area has been
considered. However, the different spatial configurations allow some variability, so that the
treatment effort varies from 14% to 27% of the total area. All the proposed strategies are
represented in Appendix A. All the proposed strategies have been compared to the do-nothing
strategy, So. For each treatment allocation, the Kullback-Leibler value (i.e., the probability P(d.(T) =
0,..., 0,(T) = 0) has been estimated by 100,000 simulations of the dynamics obtained by the IFM
with the above mentioned parameters, the initial occupancy as in Figure 1 and by forcing sites to
be treated to be empty.

5 Results and discussion

5.1 Kullback-Leibler values approximation.

One of the major issues of the Kullback-Leibler criterion for ranking management strategies is
computation. As the explicit expression of KL cannot be written down, simulations should be
carried out. By several attempts we can guess that a relatively small number of simulations (i.e.,
10,000) provides a good approximation for “useless” strategies. However, to better approximate
the KL value of more effective strategies the number of simulations should be increased. For this
reason we used 100,000 simulations.

Unlike in G2013, in this paper the KL values have been computed according to the formula

(1) P(Xr=0)=P(Xr=0 | Xr.1=1)P(Xr.1=1) + P(Xr=0 | Xr.1# 1)P(Xr1# 1),

where 1 has analogous meaning as 0. In fact, in our study the vector 1 is never obtained in 100,000
simulations. However, if the estimate of parameter y is equal to 0 (meaning that empty patches
will be certainly colonized at the following generation), total extinction (i.e., Xy = 0) can occur only
if at the previous time all the patches turn out to be occupied (Xr.1 = 1), due to the effect of almost
sure colonization of empty patches (see Section 2). The conditional probabilities in (1) are directly
obtained as product of extinction and colonization probabilities (see Section 2), while P(Xr1 # 1) is
approximated by simulation, and formulas like (1) are used to approximate P(Xr.1 = 1).

5.2  Strategies ranking.

Based on 100,000 simulations, habitat scenario 3 confirms that, as guessed in G2013, for a
somehow linear spatial configuration of the metapopulation the best strategy is a structured one,
corresponding to the greatest reduction of the (median) connectivity, regardless of the
parameters. See Table 8 and Table 9 in Appendix A.

Unfortunately, these results do not hold true for the remaining scenarios, where several strategies
result in higher KL values than the do-nothing strategy (see, for instance, Table 10). Moreover, the
maximum connectivity reduction does not yield the best strategy according to the Kullback-Leibler
criterion (see, for instance, Tables 5 and 9). In Table 4 the mean number of occupied sites at the
evaluation year is shown, together with the mean occupied area, in percentage. It can be seen
that the best strategy according to the KL criterion reduces both these indicators. However, in this
respect, Sz and S, are indistinguishable.



As far as the relationship between KL value and connectivity reduction is concerned, alternative
interpretations of the Kullback-Leibler criterion in terms of either explicit management action or
results should be investigated to provide more intuitive support to stakeholders and practitioners.
As far as the comparison with Sq issue is concerned, several, and possibly concurrent, could be the
reasons of these results, from too few simulations to an inadequate representation of strategies
effect. By doubling the number of simulations the results do not significantly change, and
therefore a higher order number of simulations could be necessary. The obtained results could
also depends on the explicit introduction of the first term in (1) to approximate P(Xr= 0). Indeed, it
is of a higher order than the other terms in most cases. To deal with this problem, resorting to a
more suitable simulation method than the paper-pencil method used here might be decisive.

5.3 Tentative solution.

One of the main drawbacks of this simulation study seems to be the strategy representation.
Indeed, the simple assumption that the treating patches are forced to be empty due to the
treatment, while the metapopulation dynamics after the treatment do not undergo any change,
seems to be inadequate. In particular, very high colonization probabilities guarantee that all the
empty patches, included those treated, will be almost certainly colonized at the next generation.
With respect to the do-nothing strategy, this can cause a paradoxical increased number of
occupied patches and, in turn, higher KL values.

An alternative representation has been introduced, consisting of a reduction of the colonization
probabilities of the treating sites after treatment application. This reproduces the effect of a long
lasting control method, for instance an inundative release of biological control agents. This
approach has been tested on the habitat configuration 1. However, even a colonization reduction
of the 90% for two years does not yield significant changes. This, however, seems to be due to the
small number of treated sites. Indeed, for a strategy treating 55 sites, the 60% of the total area
(see Figure 3), we obtained the expected results: by increasing the long-lasting treatment effect
(i.e., by increasing the colonization reduction) decreasing KL values are obtained, as shown in
Table 1.
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Figure 3 - Habitat configuration 1. Filled circles indicate occupied patches: the red ones indicate
those to be treated. Strategy at high effort to test the effect on the KL values of colonization
reduction for the treated sites.



Table 1 - KL values obtained for different levels of two-years colonization reduction for the
treating sites of the strategy represented in Figure 3.

S colorln\il:ation Reduction: Reduction: Reduction:
0 ) 50% - 50% 90% - 50% 90% - 90%
reduction
KL 143.7 140.5 123.4 99.1 77.0

5.4 Conclusions.

After conservation (Gilioli et al. 2008) and pest control (Gilioli et al. 2013), we are interested in
applying the proposed approach to invasive species. However, a lot of matters should be better
understood about the Kullback-Leibler criterion and the best way, if any, to use it. First, the
computational issues come to light in the previous sections should be solved, and the best way for
strategy effect representation found, regardless of the stochastic model used to model
metapopulation dynamics. Then, according to the IFM model, deep insight should be gained on
the main features of the optimal strategy, in order to provide easy interpretation for practitioners.
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APPENDIX A.
Habitat configuration 1.
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Figure 4 — Management strategies for habitat configuration 1. Filled circles indicate occupied
patches: the red ones indicate those to be treated.



Table 2 — Kullback-Leibler values from 100,000 simulations. Sg denotes the do-nothing strategy.
The bold type indicates the best strategy. Parameters: 1) x = 0.15, y = 0.001; 2) x = 0.10763, y =
0.000974 (see Section 4). The last two rows indicate the (maximum) treated area (T.A.) as a
percentage of the total area and the number of treated sites (T.S.).

Strategies
kL So S1 S, S3 S4 Ss
g | 1) [143.7 | 142.1| 1759 | 132.9 | 137.1 | 147.7
S 2) [ 121.0 | 119.1 | 152.7 | 1159 | 113.6 | 124.9
T.A. (%) -- 24.8 213 | 21.0 | 20.6 | 27.0
T.S.(n.) -- 10 12 21 28 13

Table 3 — Median of 100,000 median connectivity for the simulated occupancies at the year of
strategy application. So denotes the do-nothing strategy. The bold type indicates the strategy with
the lowest connectivity. The median connectivity of the habitat configuration is 0.136.

Strategies
So S1 S, S3 S4 Ss
1) 0.142 | 0.115 | 0.126 | 0.101 | 0.075 | 0.105
2) 0.119 | 0.095 | 0.104 | 0.087 | 0.068 | 0.088

Connectivity

Case

Table 4 — Summary of the simulated data at the year of the evaluation obtained by model
parameters ( x = 0.15, y = 0.001). Number of occupied sites (n.) and percentage of occupied area
(area) are considered. The bold type indicates the best strategy, as indicated in Table 2.

] Strategies
Occupied S S S d S S S
sites 0 1 2 3 4 5
n. area | n. | area | n. | area ] n. | area ] n. | area | n. | area
Mean 75.6 787 | 753 | 778 | 748 | 771 | 742 | 779 | 737 | 777 | 752 | 780
Median 76 790 | 75 78 75 77.5 74 | 783 | 74 | 78.1 75 | 785
SD 4.25 952 | 43 | 006 | 44 | 007 | 43 | 0.06 | 43 | 006 | 43 | 0.07
0'95th_ 82 884 | 82 | 878 | 82 880 | 81 | 87.8 | 81 876 | 82 | 883
guantile
Maximum 93 96.9 92 | 970 | 91 97.2 92 | 965 | 90 | 96.7 | 92 | 973
IR 73- 745- | 73- | 736- | 72- | 72.4- | 71- | 73.7- | 71- | 736- | 72- | 73.7-
79 83.2 78 | 825 | 78 | 821 77 | 85 | 77 | 824 | 78 | 828

Table 5 — Median of 100,000 median connectivity for the simulated occupancies at the year of
strategy evaluation. Comparison with KL values, from Table 2.

Strategies
So S: S S3 S4 Ss
KL 143.7 | 142.1 | 175.9 | 132.9 | 137.1 | 147.7
Connectivity | 0.142 | 0.141 | 0.140 | 0.140 | 0.138 | 0.141




Habitat configuration 2.
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Figure 5 - Filled circles indicate occupied patches: the red ones indicate those to be treated.



Table 6 — Kullback-Leibler values from 100,000 simulations. S; denotes the do-nothing strategy.
The bold type indicates the best strategy. Parameters: 1) x = 0.15, y = 0.001; 2) x = 0.1201, y =
0.0008619 (see Section 4). The last two rows indicate the (maximum) treated area (T.A.) as a
percentage of the total area and the number of treated sites (T.S.).

KL Strategies

So 51 52 53 54 55 Se
@ | 1) | 1529|1509 | 146.1 | 157.2 | 151.3 | 146.2 | 147.6
S 2) | 135.2 | 132.4 | 128.5 | 139.7 | 134.9 | 132.3 | 130.5
T.A. (%) -- 186 | 18.5 | 19.0 H 18.0 | 18.6 | 20.2
T.S.(n.) -- 6 22 16 21 26 18

Table 7 - Median of 100,000 median connectivity for the simulated occupancies at the year of
strategy application. Sg denotes the do-nothing strategy. The bold type indicates the strategy with
the lowest connectivity. The median connectivity of the habitat configuration is 0.141.

Connectivity Strategies
So S: Sz S3 S4 Ss Se
g 1) 0.173 | 0.154 | 0.100 | 0.125 | 0.135 | 0.101 | 0.098
S 2) 0.156 | 0.136 | 0.093 | 0.111 | 0.115 | 0.096 | 0.089
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Habitat configuration 3.
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Figure 6 - Filled circles indicate occupied patches: the red ones indicate those to be treated.
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Table 8 — Kullback-Leibler values from 100,000 simulations. Sg denotes the do-nothing strategy.
The bold type indicates the best strategy. Parameters: 1) x = 0.15, y = 0.001; 2) x = 0.1574, y=0
(see Section 4). The last two rows indicate the (maximum) treated area (T.A.) as a percentage of
the total area and the number of treated sites (T.S.).

KL

Strategies

So S;

Sy

S3 Sy

Ss Se

1) | 141.9 | 141.0

139.7 | 140.3 | 13

5.4 |136.6 | 133.1

)]
7]
©

O |2)|146.2 | 1461

144.0 | 141.1 | 13

9.6 | 140.2 | 137.5

T.A. (%)

-- 23.3

21.9

21.2 | 22.8

226 | 231

T.S.(n.)

11

23 28

26 36

Table 9 - Median of the 100,000 median connectivity for the simulated occupancies at the year of
strategy application. Sg denotes the do-nothing strategy. The bold type indicates the strategy with
the lowest connectivity. The median connectivity of the habitat configuration is 0.214.

Connectivit Strategies
Y s [ st | S, | S5 | Sa | S | S
o 1) 0.212 | 0.201 | 0.145 | 0.177 | 0.110 | 0.117 | 0.087
(T
© 2) |0.218 | 0.205 | 0.150 | 0.182 | 0.112 | 0.119 | 0.088
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Habitat configuration 4

Due to the particular structure, here strategies defined by small but relevant clumps have been
considered as well. In these cases, a smaller area than in the other habitat configurations might be
treated. For the sake of comparison, each of these strategies (4, 6 and 8 in Figure 7) has been

compared to a strategy obtained by adding close sites up to the target area of about 20% of the
total area (5, 7 and 9 respectively, in Figure 7) .
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Figure 7 - Filled circles indicate occupied patches: the red ones indicate those to be treated.

Table 10 — Kullback-Leibler values from 100,000 simulations. So denotes the do-nothing strategy.
The bold type indicates the best strategies. Parameters: 1) x = 0.15, y = 0.001; 2) x = 0.1257, y =
0.00496 (see Section 4). The last two rows indicate the (maximum) treated area (T.A.) as a
percentage of the total area and the number of treated sites (T.S.).

KL Strategies
So S1 S, S3 Sq Ss Se S; Sg So S10
@ 1) 143.1 | 142.3 | 142.3 | 141.2 | 156.3 | 155.7 | 140.1 | 140.0 | 143.6 | 140.7 | 138.9
S 2) 131.5 | 132.8 | 134.1 | 131.6 | 159.1 | 145.6 | 135.7 | 137.8 | 137.6 | 136.3 | 129.5
T.A. (%) -- 225 | 221 | 216 | 162 | 208 | 161 | 23.1 14.0 | 202 | 221
T.S. (n.) -- 6 9 10 20 23 24 27 9 21 20

Table 11 - Median of the 100,000 median connectivity for the simulated occupancies at the year of
strategy application. So denotes the do-nothing strategy. The bold type indicates the strategy with
the lowest connectivity. The median connectivity of the habitat configuration is 0.182.

.. Strategies
Connectivity
S0 51 Sz 53 S4 S5 56 S7 Sg 59 510
g 1) 0.204 | 0.192 | 0.183 | 0.184 | 0.161 | 0.166 | 0.154 | 0.149 | 0.180 | 0.158 | 0.156
S 2) 0.193 | 0.179 | 0.175 | 0.174 | 0.161 | 0.150 | 0.141 | 0.138 | 0.169 | 0.143 | 0.146
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APPENDIX B.
Summaries of the four habitat configurations.

Table 12 — Summary of habitat configurations features.

Habitat 1 2 3 4
configuration
n. of occupied sites 67 69 78 72
Total occupied area 107.3 80.1 119.8 106.6
(Km”)
Minimum between-
patches distance 0.53 0.87 0.54 0.68
(Km)
Maximum between-
patches distance 48.78 61.68 59.18 59.18
(Km)
Mean between-
patches distance and 19.78 22.51 21.99 24.33
related standard (0=9.62) (0=11.25) (0=12.20) (0=12.35)
deviation (o) (Km)
Median

. 0.136 0.141 0.214 0.181
connectivity (*)
Upper bound to 0.721 0.651 0.910 0.901
connectivity (**)

(*) Referring to the snapshots of Figure 1.
(**) The maximum values is obtained under the hypothesis of all the sites being occupied.




