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Abstract

Here, we present and discuss a compartmental stochastic model for Aedes ae-
gypti conceived as a mathematical structure able to interpolate and extrapolate
(predict) biological phenomena, and direct the attention to biological matters
that need experimental elucidation. The model incorporates weather informa-
tion in the form of daily temperatures and rain and pays particular attention to
determining factors in temperate climates. Sufficiently large rains trigger egg
hatching, which in turn leads to peaks in larval densities. Hatching is inhibited
by the absence of bacteria (Gillett effect), a mechanism of relevance during the
winter season and in seasons with isolated rains. The model also incorporates
egg hatching independent of rains. Both egg hatching and larval development
depend on the availability of food, which is modeled as bacteria produced at
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rates that depend on the temperature. Larval mortality and pupation rates
depend on the larvae to bacteria ratio. The results of the model for egg laying
activity were compared with field records during a normal season and a drought.
Both the model and the records indicate that the egg laying activity of Aedes ae-
gypti is not zero during the drought and recovers quickly when normal weather
is reestablished. We studied the sensitivity of the model to different sets of
physiological parameters published for a few different local populations of this
species, and found that there is an important sensitivity to local characteris-
tics that will affect some predictions of the model. We emphasize that if the
information is going to be used to evaluate control methods, the life cycle of
the mosquito must be studied for the local strain under the local environmental
conditions (including food). We showed that the adult populations produced by
the model are insensitive to certain combinations of parameters and that this
insensitivity is related to the variability reported for different strains obtained
from closely located places. When the model is considered in a larger biological
context, it indicates that some standard procedures performed to measure the
life cycle of Aedes aegypti in the laboratory might have a determining influence
in the results.

Keywords: stochastic model, food, bacteria, rain, temperature, local strains




Modeling the complex hatching and development of
Aedes aegypti in temperate climates

Victoria Romeo Aznar

Departamento de Fisica, FCEN-UBA and IFIBA-CONICET. Pabellon I, Ciudad

Universitaria, 1428 Buenos Aires, Argentina

Marcelo Otero

Departamento de Fisica, FCEN-UBA and IFIBA-CONICET. Pabellon I, Ciudad
Universitaria, 1428 Buenos Aires, Argentina

Maria Sol De Majo

Departamento de Ecologia, Genética y Fvolucion, FCEN-UBA and IEGEBA-CONICET,
Pabellon II, Ciudad Universitaria, 1428 Buenos Aires, Argentina

Sylvia Fischer

Departamento de Ecologia, Genética y Evolucion, FCEN-UBA and IEGEBA-CONICET,
Pabellon I1, Ciudad Universitaria, 1428 Buenos Aires, Argentina
Hernan G Solari*

Departamento de Fisica, FCEN-UBA and IFIBA-CONICET. Pabellon I, Ciudad
Universitaria, 1428 Buenos Aires, Argentina

1. Introduction

Aedes aegypti is the main vector of dengue (Gubler, 1998) and other viral
diseases (Dégallier et al., 1988). The origins of Aedes aegypti can be traced to
tropical Africa but, since it is highly anthropophilic, it has dispersed around
the world, thriving in tropical, subtropical and temperate urban ecosystems
(Christophers, 1960).

Because of its relevance as a vector of deadly diseases, it has been the sub-
ject of numerous studies as well as of some modeling attempts. The best known
model for Ae. aegypti is CIMSim (Focks et al., 1993a,b; Ellis et al., 2011). This
model is conceived as “a mechanistic, comprehensive, and dynamic accounting

*Corresponding author
Email addresses: vromeoaznar@gmail.com (Victoria Romeo Aznar), mjotero@df.uba.ar
(Marcelo Otero), masoldm@hotmail.com (Maria Sol De Majo), sylviaQege.fcen.uba.ar
(Sylvia Fischer), solari@df.uba.ar (Hernan G Solari)

Preprint submitted to Elsevier February 1, 2013



of the multitude of relationships known to play a role in the life history of these
mosquitoes” (Focks et al., 1993a). The model and its refinement, SkeeterBuster
(Magori et al., 2009), are conceived as “important tool(s) in the fight against
dengue”. These models are not free from difficulties (Xu et al., 2010; Ellis et al.,
2011), which are directly linked to their philosophy of design. The underlying
idea of an accumulated knowledge from which reliable predictions can be pro-
duced closely resembles inductivism. Additionally, these models incorporate a
structure of subsidiary models that greatly increases the number of parameters
and effectively acts as a protective epistemological belt (Lakatos, 1978).

During the last years, we have developed another model named aedesBA
(Otero et al., 2006, 2008). The design philosophy of aedesBA is one of a “devel-
opmental model”, a term introduced by Leplin (Hartmann, 1995) for models that
are used in the process of building theoretical knowledge. Although aedesBA
is particularly concerned with Ae. aegypti populations in temperate climate,
we expect it to be relevant (or at least adaptable) to other climates as well.
Mathematically, aedesBA is built as a continuous-time Markov (jump) process
(Kolmogoroff, 1931; Feller, 1940; Durrett, 2001), normally conceived as density-
dependent Poisson processes with exponentially distributed times. However, we
have shown that other (arbitrary) time distributions can be introduced without
extraordinary efforts (Otero et al., 2011). The mathematical structure is such
that it provides both the need to describe extinction processes of subpopulations
(a problem where differential equations are bound to fail) and the convenience of
having some analytical tools in addition to computational (simulations) tools.
From an epistemological perspective, the model is simple in Popper’s sense,
i.e., it facilitates falsification attempts and its development follows the recently
described epistemology of complex systems (Garcia, 2006).

In a first confrontation with real data corresponding to egg-laying activity
in Mataderos, a neighborhood of Buenos Aires city (Argentina), the model was
able to produce an activity profile that corresponds well with the observations,
although it overestimated the activity at the end of the season (Otero et al.,
2008). Legros and co-workers noticed that the model SkeeterBuster has the
same problem (Legros et al., 2011). However, this conclusion needs to be re-
vised because a substantial part of the mismatch corresponds to an error. The
database recovered for our study (Otero et al., 2008) corresponds to the summer
2000-2001 (Carbajo, 2003) but was erroneously attributed by us to the subse-
quent summer (2001-2002). Thus, for a year with regular weather, aedesBA
produced results of egg-laying activity that correspond well with the observa-
tions available.

In a previous work, we used aedesBA to generate vector populations to
analyze the possibility of dengue outbreaks in Buenos Aires (Otero and Solari,
2010). This work, submitted in late 2008, indicated the possibility of such
occurrences and of non-epidemic (below threshold) circulation of the virus. Such
a prediction was made just a short time ahead of the first report of transmission
of dengue virus in the region and contradicted the expectations of local health
authorities (Seijo et al., 2009) based on the use of CIMSim and DENSim (Focks
et al., 1995).



Although this could be claimed as a remarkable success of aedesBA, we
should be extremely cautious and list it as a possible false success, i.e., a success
because of wrong reasons. In 2009, the virus began circulating after a historic
drought in the region. It is well known that the eggs of Ae. aegypti hatch after
being wetted, normally after rains (Gillett, 1955a,b; Christophers, 1960). Thus,
expert, knowledge indicates that low populations of the mosquito are expected
during and after a drought. In contrast, aedesBA assumed a regular weather and
made no use of rain records, i.e., it indicated the possibility of virus circulation
by assuming a weather pattern different from the observed one. But then, why
did it work? Are experts’ opinions wrong? And if so, in which sense and why?
We anticipate that populations can recover from the effects of a drought in a
short time (section 5), and that by the time the virus began to circulate, the
activity of Ae. aegypti predicted by the old model and that predicted by the
new model are in agreement.

Thus, the aim of this work is to re-formulate the hatching process built in
aedesBA to account for normal hatching (prompted by rains) and abnormal
hatching. By abnormal hatching we understand processes such as spontaneous
hatching (Southwood et al., 1972; Christophers, 1960), eggs laid directly on
top of the water, as well as hatching as a result of human intervention replen-
ishing some breeding sites with water, etc. The hatching process cannot be
considered without giving simultaneous consideration to other associated facts
such as developmental times and their relation with the availability of food for
the development of larvae. When introducing rains, the population-regulatory
mechanism must be reconsidered, moving from an effective mechanism to a more
realistic one. We did so by introducing population (density-dependent) effects
that have been recently described (Macia, 2006, 2009). Since such mechanisms
rely on the abundance of food, the incorporation of rains triggering egg hatch-
ing leads to the consideration of a new element in the (urban) ecology of Aedes
aegypti, i.e., food dynamics. Starvation conditions induce a higher mortality of
the larvae (Barrera, 1996), a complementary effect to delayed pupation, which
plays a relevant role in the dynamics. This construction is presented in section
2. In section 3, we proceed to compare the predicted egg laying activity with
experimental (field) records produced for the 2000-2001 and 2008-2009 seasons,
the latter being the season of the drought. The sensitivity of the predicted
populations to uncertainties and modeling decisions is explored in section 4.

We consider different sets of physiological parameters reported in the lit-
erature and how, depending on the circumstances, only certain combinations
matter; we also consider the sensitivity of the model to the assumptions of food
production and mortality. In section 5, we discuss the results obtained, what we
have learned and what we need to learn. We emphasize how the uncertainty in
the physiological parameters may lead to severe problems of predictions regard-
ing population-control methods. We also make a case for the reconsideration of
developmental (physiological) parameters in ecological terms as opposed to the
prevailing individual view. We understand that the use of laboratory colonies
reared for generations under (artificial) laboratory conditions to determine de-
velopmental parameters might introduce methodological bias to the model.



Beyond the general success of the new model, the results indicate that the
model needs biological information that has not been measured so far. In the
proposed dialog between the empirical world and the logical (abstract, con-
ceptual, mathematical, theoretical) organization, we formulate some biological
questions that need to be answered for further progress.

The last section corresponds to the summary and conclusions.

2. On the relation between hatching, developmental times, rain and

food

The life cycle of Aedes aegypti. Aedes aegypli is a tree-hole mosquito cur-
rently adapted to urban ecosystems. It normally lays the eggs in relatively
small containers holding water. The eggs hatch when proper conditions are met
(Christophers, 1960). The mature (embryonated) eggs must be submerged in
water, the temperature of the water must be sufficiently high (its lower tem-
perature limits have been reported to range from 4°C to 16°C) and bacterial
activity facilitates egg hatching (Gillett, 1955b,a; Gillett et al., 1977; Edgerly
et al., 1993; Ponnusamy et al., 2011). The larvae of the mosquito develop in
four instars separated by a molt until pupation. The adults emerge and, in the
case of females, after completing a gonotrophic cycle (which in turn requires at
least one blood meal), they lay eggs to begin the next gonotrophic cycle.

The original model. The original (aedesBA) model was developed for temper-
ate climates, assuming the following: that the availability of blood meals is not
a limiting resource; that rainfalls are regular; that total adult populations and
total number of bites are the modeling target; and that the mechanisms that
determine the carrying capacity are not relevant for the questions and circum-
stances addressed in the early works (Otero et al., 2006, 2008).

Populations are divided in compartments corresponding to eggs, larvae, pu-
pae, adults-1 (non-parous), flyers -adults dispersing seeking oviposition sites-
and adults-2 (parous). Only female adults are considered. Each population is
located at a determined block and only flyers move from block to block. Popu-
lations and subpopulations are counted with non-negative integer numbers and
evolve according to the occurrence of events. The waiting time between one
event and the next is exponentially distributed, being its rate the sum of all
the rates of the possible events. The event occurring is selected as the win-
ner of a Poisson race (Durrett, 2001). In short, the model is expressed as a
Kolmogorov Forward Equation for the jump process (Kolmogoroff, 1931) as dis-
cussed by Feller (1940) (see AppendixA). It is worth mentioning that the com-
puter code associated with the model, instead of implementing Kendall’s direct
method (Kendall, 1950), uses an accelerated approximation method (Solari and
Natiello, 2003) with fixed time increments usually taken as 2 hours. The events
considered are: egg-hatching, pupation, emergence, blood-meal (by parous and
non-parous females), egg-laying and mortality events for each developmental
stage. The only event with a non-linear rate (i.e., presenting population ef-
fects) is the mortality of the larvae, which increases linearly in the presence



of other larvae with a coefficient that determines the carrying capacity of the
environment and whose inverse was named BS, for “number of Breeding Sites”.

Rains as a trigger for hatching. To implement the rains as a trigger for egg
hatching, we divided the egg population in several compartments. Eggs are
laid as immature, F;, and evolve into mature eggs, E,,, with a temperature-
dependent rate (already discussed in (Otero et al., 2006)). There is a probability
of abnormal hatching, p.p, for just matured eggs to proceed directly to the
larval stage. The remaining just matured eggs are moved into the mature eggs
compartment and their hatching will be triggered by rains (normal hatching).
After a sufficiently large rain (exceeding a threshold set tentatively at 7.5mm),
the eggs are moved into the wet eggs compartment, E,,, with 0.8 probability
(Christophers, 1960; Southwood et al., 1972), where they begin to hatch at a rate
that depends on the temperature. Since the precise dependence is not known,
for this work we adopted the same dependence as that of the embryonation
rate, matching at 27°C the rate reported by Southwood et al. (1972) for field
studies in Thailand. Experiments to determine the temperature dependence of
the hatching rate are in progress.
The life cycle implemented in the model is described in Figure 1.

Rains, food and mortality. The incorporation of the rain as a trigger for egg
hatching makes the effective form of introducing the mortality unsuitable. After
a rain, the larval density would increase quickly and the non-linear mortality
would kill larvae immediately until the probabilities of pupation and death are
comparable for the individual larva. If this happened, the individual mortality
rate would exceed the observed mortality rates by a factor of at least 100. Once
the excess of larvae is whipped off, and until the next rain, the productivity of
the breeding site would monotonously decrease with time. Thus, the average
productivity would monotonically decrease with the interval between rains.

However, the way in which Ae. aegypti populations cope with high larval
densities is different. Macia (2009) showed that, in the presence of a constant
amount of food, an increase in larval density (within a certain range of densities)
results in an increase in the average time to pupation or, what is the same, in
a decrease in the pupation rate. In fact, Moore and Whitacre (1972) indicated
that the determining factor regulating pupation time was larval nutrition and
not larval density. For higher densities, we interpret results from Barrera (1996)
as indicative of an increase in the mortality rate.

We then consider a pupation rate as function of the produced (or available)
food (see below) of the form

{ZP(T) = 0.37266 — 1+oxp((T7250..13§95L’20)/4.645690) L/P; <1

Ly (T) (1)
140.6728+(L/P;—1) 1< L/Ps

where 1,(T) is the pupation rate as a function of temperature (expressed in
Celsius) when food is in excess - usual laboratory feeding conditions-. The
pupation rate (1) indicates that when food is scarce (1 < L/P; < 4) (see
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Figure 1: Scheme of the model. The population compartments are indicated in boxes. The
arrows indicate transitions. The dashed arrow stands for a transition to a different cell/block.
The labels of the transitions indicate the transition rates per individual and their functional
dependence (BS for breeding sites, T for temperature and Py for the available food) (see also
Tables Al and A2).

below), pupation proceeds at a lower rate. L/Py stands for the ratio between
larvae and available food.
The individual mortality rate assumed is

mu(T) = 0.01 + 0.97248 # exp(— (T — 5°C) /2.70346)  if L/ P < 4
mll(T)+MNL*(L/Pf—4)) 1f4<L/Pf<8 (2)
mll(T>+4*MNL ifL/Pf>8

We refer to AppendixB for a discussion of the mortality and pupation rates in
correspondence with the structure of the model and the experimental data. The
coeflicient of non-linear mortality (M) is assumed to range between 0.01 and
0.023. For our calculation, we adopted a value of 0.023 unless otherwise stated.
Equations (1) and (2) define three regions for feeding: abundance (L < Pj),
scarcity (Py < L < 4 Py), and deficit (Py x4 < L).

The Gillett effect. The first relation between food and development was prob-
ably that reported in the works by Gillett (Gillett, 1955b; Gillett et al., 1977).
Gillett established that the presence of bacteria regulates the hatching time of



the eggs as well as the probability of hatching (Gillett et al., 1977). The in-
hibition of hatching by the presence of larvae was further studied in tree-hole
mosquitoes (Livdahl et al., 1984; Livdahl and Edgerly, 1987) for Ochlerotatus
triseriatus (then known as Aedes triseriatus) both in the laboratory and in the
field. Experiments (Edgerly and Marvier, 1992) have shown that an increase
from 4 to 24 larvae reduces bacterial colonies by two orders of magnitude in lab-
oratory conditions when larvae are allowed to feed in the proximities of the eggs.
Hatching inhibition by the presence of larvae in Ae. aegypti was studied as well
(Edgerly et al., 1993). Hatching decreased almost ten-fold when the number
of larvae increased from 4 to 12 and then further decreased in the presence of
24 larvae. The relation between bacterial populations and hatching probability
has been recently studied in (Ponnusamy et al., 2011). The hatching proba-
bility for bacterial colonies presents a transition: when the density of bacteria
increases from 10° to 108, the hatching probability changes from about 0.1 to
0.8. These figures are well aligned with the numbers reported for Ochlerotatus
triseriatus in (Edgerly and Marvier, 1992). Hatching probabilities measured in
the laboratory as a function of bacterial density range from 0.02 to 0.95.

We thus introduced a reduction of the hatching probability after a rain from
0.8 to 0.04 under scarcity conditions when there is no “leftover food” (food
not consumed by the existing larvae). Hence, eggs are less likely to hatch in
an already crowded site. We will explore the sensitivity to this parameter in
Section 4. In practical terms, we assume that mature eggs hatch after a rain with
a probability of 0.8 if there is leftover food, but they hatch with a probability
of 0.8 *x G with 0 < G < 1 when there is no leftover food. The value of G was
kept as G = 0.05, except when exploring the influence of this coefficient.

Food production and consumption. While the construction of the previous para-
graphs regarding the relations between food, mortality and developmental time
is supported by experimental data, it says nothing about the food and its dy-
namics. Indeed, not much is known about the food of the larvae of Aedes aegypti
outside the laboratory. The larvae of Ae. aegypti feed on bacteria or yeast as-
sociated with the decomposition of organic matter, mainly by filtering water
(Merritt et al., 1992). Correspondingly, we assume that the larvae forage on
stranded bacteria, without altering the decomposition process. For food, we
used a continuous variable, f, which is produced at a rate fp(T') that depends
on the temperature, since the reproduction of bacteria and yeast is well known
to depend strongly on the temperature. While food is available, it evolves with
the following equation:

daf
d(uxt)

= fpr(T) - f —L (3)



where u is a characteristic decay time for the food. The equation integrates into

fluxt) = exp(—ux*(t—to))*(fux*xto)+ / exp(s) * (fpr(T(s)) — L(s))ds)

to

fluxt) = Pyp(t) — Cy(t) (4)
exp(—ux* (t —tg)) * (f(uxty) + / exp(s) * fpr(T'(s))ds)
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Here, Py and Cy stand for produced and consumed food respectively and L
is the number of larvae. Since it is not possible to consume more food than
that available, equations (3) and (4) are valid provided that Pg(t) > Cy(t);
otherwise, the remaining food is set to zero. When Py (t) > Cy(t), we define the
leftover food as: f(uxt) = Ps(t) — Cy(t) > 0. Notice that the transition rates
depend on the quotient between Py and L, which is the ratio between available
food rations and larvae.

The dependence of the food production rate f,, and the temperature adopted
corresponds to a Ratkowsky-2 model (Zwietering et al., 1991) with T,,;, = 11°C
and T = 40°C.

.fpv" (T) = Lopt * ((T - Tm?',n) * eXP(T - Tma:c))2 fOI' Tm,in S Tmax (5)
for(T) = 00U T <Thinor T > Ty

The influence of these choices will be discussed in Section 5. The parameter L
indicates the productivity of the breeding site in optimal conditions (density
L/Py = 1) and normalizes the food to the number of larvae than can be fed in
optimal conditions at 27°C (a temperature chosen arbitrarily).

3. Egg laying activity: comparison between field data and simulations

One of the standard methods used to detect the presence and monitor the
activity of Ae. aegypti is the use of ovitraps (Schweigmann et al., 2002; Micieli
and Campos, 2003; Vezzani et al., 2004; Carbajo et al., 2006; Chadee, 2009; Es-
tallo et al., 2011; Bergero et al., 2011). We will briefly describe the method; the
details can be consulted in the references. In particular, mathematical details
can be found in (Bergero et al., 2011). Let us consider an urban patch which can
be thought from an urbanistic and ecological point of view as homogeneous. A
set of N ovitraps is distributed in the patch and the number of positive ovitraps
(and other data) is recorded periodically (weekly in the cases discussed here),
resetting all ovitraps to the negative state. If K(¢) is the number of positive
ovitraps recorded on day t, the oviposition activity is —log(1 — %) (Bergero
et al., 2011). However, here we used the exponential scale because it is used
more often. Hence, we define

K(t)

ova = — = (6)

10



which is a statistical measure of the egg-laying activity of mosquitoes and as
such it is subject to statistical fluctuations even when the conditions are ideal.
Such fluctuations are distributed according to a binomial distribution, as it has
been discussed in the appendix of (Otero et al., 2008) (see (Bergero et al., 2011)
as well).

To simulate the oviposition activity, we delimit a patch that corresponds with
the experimental patch (composed of several city blocks). Using the number
of egg laying events, elev, in the blocks, we determine representative results
considering that each trap has a probability pir.p of being positive. A given
trap is chosen at each egg-laying event with a probability ¢: = a/(BS + a * n),
competing with the breeding sites and the other traps. Each trap has a quality
factor of a as compared to 1 for the breeding sites and there are n traps. In
what follows, we have set a = 0.5.

A trap will turn negative if all the females choose any of the other options.
Since this happens with probability (1 — ¢;)?, the probability of finding a
positive trap is given by pirap = 1 — (1 — ;)" =1 — (1 — a/(BS + a * n))ee.
In the model, BS is a parameter and elev is produced by the simulations for
each block accumulating egg laying events during a week. Since elev, and then
Dtrap, 18 @ random variable, py,qp is averaged over the study area and over several
realizations (20 realizations have shown to be enough to obtain stable averages).

Four field studies from Buenos Aires city, performed during two summer
seasons (September-June), are available to us. Two of these studies correspond
to the 2000-2001 season and were performed in two adjacent patches of 5 x
5 blocks in the neighborhood of Mataderos (Carbajo, 2003) and are labeled
Bilbao (record of 120 ovitraps placed by pairs, which is incomplete because the
sampling was interrupted for some weeks) and Pieres (120 ovitraps placed by
pairs). The remaining two studies correspond to the 2008-2009 summer, and
were conducted in the neighborhoods of Mataderos and Belgrano. The patches
considered were approximately 3 x 3 blocks, and 26 ovitraps were placed in each
patch regularly distributed. Hourly temperature records were taken at each site
with a HOBO®) Pendant Temperature Data Logger placed in an ovitrap (De
Majo, 2011). Additionally, in all cases, weather records of the Villa Ortazar
(WMO #87585 SABA) station in Buenos Aires city were obtained from the
Servicio Meteorologico Nacional (Argentina) SMN-ar.

We show the results in three figures. In all the cases, we show the mea-
sured values and the 90% (statistical) confidence band (which accounts only for
statistical fluctuations of an ideal experiment), the average results from the sim-
ulations of the present model (solid lines) and the average results obtained with
the simulations performed with the previous model (Otero et al., 2008). The
only parameter adjusted is the Lopt (see Equation (5)) in the food model. The
number of breeding sites has been kept fixed in BS = 15 for all the cases. In
Figure 2, observe that although Pieres and Bilbao field studies were performed
at adjacent patches of the same urbanization, they display some differences be-
yond the statistical expectation, particularly at the beginning of the season. It
is also a constant feature in the simulations that the opening of the favorable
mosquito season is more variable than the closing of the season. We will turn

11



to this matter in the discussion, Section 5.
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Figure 2: Summer 2000-2001. Field-measured egg laying activity in the Bilbao patch and
the Pieres patch, and simulated egg laying activity averaged over 20 runs (food parameter
Lopt = 2.5) performed with the present model (full lines) and the previous model (dashed
lines). Error bars correspond to 90% confidence intervals (upper panel). Weather data used
for the simulations provided by the SMN (lower panel). The first day corresponds to July 1st
2000.

In Figure 3 we can see the performance of the model during the 2008-2009
summer as compared to the field results in Belgrano and Mataderos. The dif-
ferences in the simulations between both patches result from the differences in
the local temperatures and the food parameter L,y (Equation 5) that take the
values Loy = 4 and Lo, = 6 respectively.

4. Do all the parameters matter?

Situations can be found which are sensitive to every parameter in the model.
Yet, at the time of predicting particular features, they might be sensitive only
to some parameter combinations depending on the circumstances (the climate
for example). Thus, when describing the numbers of mosquitos, we may find
that what really matters is not the duration of the gonotrophic cycle and the
fecundity separately but rather the average number of eggs per day laid by each
female. We illustrate this idea in Figure 4.

Notice, however, that the number of bites will be proportional to the number
of cycles completed. Thus, from an epidemiological point of view, the situations
are completely different for each value of ¢ in Figure 4.

12
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Figure 3: Summer 2008-2009. Left: Field-measured egg laying activity in Mataderos and
simulated egg laying activity averaged over 20 runs (upper panel) (food parameter Lop: =
6). Right: Field-measured egg laying activity in Belgrano and simulated egg laying activity
averaged over 20 runs (upper panel) (food parameter Lop: = 4). Simulations performed with
the present model are represented by full lines, whereas simulations with the previous model
are represented by dashed lines. Error bars correspond to 90% confidence intervals (upper
panel). Lower pannels: temperature data were recorded in situ and rainfall data from Villa
Ortuzar station (SMN;lower panel). The first day corresponds to July 1st 2008.

Similarly, other parameters will influence the adult population in regular sit-
uations only as combinations. For example, pupation and death of pupae com-
pete as events, and what matters most is the success in pupation. Variation in
pupation times is less important. Hence, keeping the ratio p,(23°C)/m,(23°C)
constant (the temperature T = 23°C was chosen to match the experiments in
Grech et al. (2010)), the adult population was found not to be sensitive to the
values of the product p,(23°C) * m,(23°C').

Since the parameters in the model are assumed to be measured independently
of the model, as opposed to a free set of parameters to be adjusted, in what
follows we preferred to show the sensitivity of the model to different sets of
developmental parameters measured.

Sensitivity to Aedes aegypti types. Grech et al. (2010) measured developmen-
tal times and mortality in the laboratory under the same food and climatic
conditions starting from eggs collected in three wild (urban) locations in Ar-
gentina (Cordoba, San Javier and Oran) distant hundreds of kilometers one
from each other and a fourth laboratory strain (Rockefeller). The laboratory
strain showed a fecundity per day 5 times larger than the wild strains, a fact
that might indicate mis-adaptation of the wild strains to the new environment
(the laboratory). We ran simulations using these four parameter sets as well
as the set used in Focks et al. (1993a) and the weather data corresponding to
Buenos Aires 2001-2002. The results are shown in Figure 5. We observe that
most differences correspond to the beginning of the season and are not impor-
tant between Rockefeller, Focks and San Javier. In particular, the apparent
reproductive advantage of the Rockefeller strain is not reflected in the adult
population. Instead, the mis-adaptation of the Oran strain to the laboratory is
evident and significant. When the use of food is considered, all except the Oran
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Figure 4: Dependence of the population on the duration of gonotrophic rate, acy1, and the
number of eggs laid after each gonotrophic cycle, ¢, when the product (acy1*¢) (see Table A2)
is kept constant. The adult population corresponds to simulations for the 2001-2002 season.
The remaining parameters are kept constant at the default values specified in the text and in
(Otero et al., 2008) . The first day corresponds to July 15! 2001. Plots are averages over 20
runs. Temperature and rainfall data are from Villa Ortazar station (SMN).

strain are consuming all the food available most of the time, whereas the Oran
strain produces significant food leftovers.

Sensitivity to the Gillett effect. Sensitivity to the value of the Gillett parameter
was observed only in the simulations corresponding to the 2008-2009 summer
associated with the lack in rains. A decrease of the hatching rate from 0.8 to
0.04 was necessary to reproduce the lower values of egg laying activity recorded
during the summer (see Figure 6).

Sensitivity to density-dependent mortality. Likewise the Gillett effect, the 2008-
2009 season was the most sensitive to density-dependent mortality. We present
simulations on the effect of changing the value of the food-dependent (non-
linear) mortality term My, in Equation (2).

Figure 7 shows that the ability to reproduce the decrease in egg laying ac-
tivity by the end of the drought (days 200-240) depends on having a non-linear
mortality large enough, since otherwise the long survival time of the larvae
allows some larvae (hatched long before) to reach pupation during the worst
part of the drought. Yet, the sensitivity is not linear, and increases beyond
Mpr ~ 0.019 do not introduce important changes.
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Figure 5: Adult females per block simulated for the 2001-2002 season for Buenos Aires with
parameters obtained in the laboratory for Ae. aegypti strains from Coérdoba, San Javier, Oran,
Rockefeller strain and Focks data. Temperature and rainfall data are from Villa Ortazar
station (SMN). The first day corresponds to July1%* 2001. Plots are averages over 20 runs.

Sensitivity to abnormal hatching. Small values of abnormal hatching, such as
2% of the eggs, are able to sustain the populations during the 2008-2009 season.
During years with normal weather, no significant differences are obtained.

Actually, sufficiently high abnormal hatching (pa, > 0.02) or the lack of
Gillett effect have the same ability of sustaining populations during the drought
(Figure 8).

Sensitivity to the food production model. The sensitivity to the parameters and
to the form of the food production model (Equation (5)) is relatively important.
The selection of higher values for T}, will cause the activity season to begin
later and end earlier. The dependence on T},,4., in contrast, is not important as
long as Tyqs is beyond the range of temperatures recorded. In fact, Ratkowsky
models (Zwietering et al., 1991) present an important range of temperatures
in which they do not qualitatively differ from a quadratic form (Ratkowsky-1
model) depending only on T}, If a different kind of model is used, for example

Lorr + (gmg ) eap(=2 % g, ) 0112 Tonin

(7)
0 forT< Thin

fpr(T) - {

which presents the same productivity at 27°C as the model in Equation (5) as
well as the same leading dependence around T;,;, but a different behavior at
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Figure 6: Sensitivity of the simulated egg laying activity to the Gillett factor (G), during the
2008-2009 season in Belgrano. Temperature data were measured in Belgrano and rainfall data
are from Villa Ortazar station (SMN). Plots are averages over 20 runs.

high temperatures, we can observe different population profiles (Figure 9). Fur-
thermore, if a model producing constant food (independent of the temperature)
is used, winter adult populations, as well as longer favorable seasons and higher
overall populations, are present, even during the summer time when all food
production models are roughly equivalent (Figure 9).

In addition, we found little to no sensitivity with respect to the decay time
assigned to food when it varied between hours and several days. The reason for
this is that most food is consumed immediately.

5. Discussion

Expanding the scope of the aedesBA model requires moving away from the
simplifying-hypothesis regarding the weather and the effective nonlinearities im-
plemented. The more realistic hatching and pupation mechanisms implemented
are successful in this task. The new model adapts to the dry and normal seasons
and is particularly good by the end of the season. However, it has difficulties
following isolated rains as they happened during the 2008-2009 drought, a more
demanding test than the 2000-2001 season. The difficulties presented consist
in that adult population and egg laying activity peaks associated with isolated
events are much wider in the simulation than in the actual records. We at-
tribute this disagreement to important differences in the statistic of pupation
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Figure 7: Sensitivity of the simulated egg laying activity to the non-linear mortality, Myr,,
in Equation (2), during the simulation of the 2008-2009 season compared with the data from
Mataderos. Plots are averages over 20 runs (pqp = 0.01 G = 0.05). Temperature data were
measured in situ and rainfall data are from Villa Ortazar station (SMN).

times between the model and the natural case. Results of studies of cohort
maturation under field conditions (Southwood et al., 1972) and in the labora-
tory (Rueda et al., 1990) are strikingly different. The ratios reported between
standard deviation and average time (the coefficient of variation) from hatching
to emergence are ~ 0.30 and~ 0.06 respectively, whereas the present model has
a ratio of ~ 0.71. The work in the laboratory is consistent with the idealization
of cohorts developing synchronously (Focks et al., 1993a). However, the field
results show substantial dispersion, although in lesser amount than our model.
The matter requires further study. We are currently working theoretically and
experimentally in such direction. Cohort (synchronization) effects are more no-
ticeable at the beginning of the season than at the end because at the beginning
of the season the population is represented mainly by eggs, while at the end we
expect mosquitoes in all the development stages.

Figure 2 suggests that the previous model performed better than the new
model at predicting the starting of the season. A close examination of this mat-
ter indicates that the pool of eggs that survived the winter in the previous model
is substantially smaller than in the present model. The previous model allowed
hatching during the winter, even without rains and into an environment with-
out food, resulting in very small adult populations, reproductively ineflicient,
during the winter. The more realistic hatching mechanism implemented results
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Figure 8: Sensitivity of the egg laying activity to the abnormal hatching probability ps; during
the 2008-2009 season. Temperature data were measured in Belgrano and rainfall data are from
Villa Ortazar station (SMN). Plots are averages of 20 runs.

into a larger number of eggs at the beginning of the favorable season and hence
a faster take off of the population. In the previous model, a large fecundity
attributed to the mosquito was compensated by a hatching mechanism that, in
essence, represented additional mortality during winter. Thus, the difference
observed is that the large fecundity is not longer compensated. If the physio-
logical parameters used turn to be correct, then the model could be indicating
that egg mortality during the winter must be reconsidered. However, several
features, when studied with the model, appear to indicate that the fecundity
attributed to the mosquito is unrealistic for the local populations.

The results concerning parameter sensitivity indicate that differences be-
tween Ae. aegypti strains can be adaptive as well as neutral (Stearns, 1989).
According to the model, adaptation has to be considered at least as a triad
(strain, food, weather). In this sense, our results are only exploratory and indi-
cate that attention must be paid to this matter. It is not surprising that with
the parameters obtained in their environment (the laboratory) and under the
feeding conditions they are adapted to, the domestic strains (Rockefeller and
data from Focks) perform better (in the sense of exploiting more exhaustingly
the resources available) than wild strains taken to the lab. Food may represent a
strong selective pressure. Adaptation to food in Drosophila for example, occurs
in a few generations (Robertson, 1960, 1966). Hence, experiments regarding the
physiological characteristics of Ae. aegypti populations in natural conditions
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Figure 9: Sensitivity of the simulated egg laying activity to the bacterial-growth model using
temperatures and rains recorded at Villa Ortazar station (SMN) during 2001-2005. The first
day corresponds to July 15% 2001. Parameter values are: Lopr = 5, Tmin = 11°C, BS = 5,
M1, = 0.025. Ratkowsky corresponds to Equation (5) and Substitute to Equation (7). Plots
are averages over 20 runs.

(including natural food) are needed. This matter is particularly relevant when
several (for profit) projects are engineering genetically modified mosquitoes.
Claims for modified mosquitoes, showing the same developmental parameters
as laboratory strains under laboratory conditions, as equally fitted than wild
mosquitoes (Lee et al., 2009) are precarious. Domesticated (lab) mosquitoes are
not proper substitutes for wild ones unless the environment is reproduced in the
laboratory as well.

Significant fluctuations in fecundity associated with almost identical (within
experimental fluctuations) values of daily fecundity reported for strains obtained
at four different locations within a radius of 150 km (Tejerina et al., 2009) appear
in qualitative agreement with the model that does not identify advantages for
lower or higher fecundity as long as the daily fecundity is kept constant, and as
such, fecundity might experience genetic (or phenotypic) drift (Lande, 1976).

The insensitivity of the model to certain combination of parameters displayed
by adult populations under normal weather may reflect biological facts (as op-
posed of being modeling artifacts or over-parameterization). In mathematical
language, this implies that there are manifolds in parameter space which repre-
sent biological situations of equal adaptation. Having no selective forces tangent
to the manifold one would expect a dispersion of values along the manifold.
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Abnormal hatching may represent human intervention by replenishing con-
tainers as reported in (Morrison et al., 2004) for Iquitos (Peru) and in (Kearney
et al., 2009) for Australia. In Iquitos, pupal production for rain-filled containers
amounts to 88% of the pupae (Morrison et al., 2004), thus leaving 12% as a
lower limit for abnormal hatching (some larvae could have been produced in
rain-filled containers independently of rains). Considering the regularity of the
rains in Iquitos (rains almost daily), which would imply an almost daily wetting
of embryonated eggs by rain and considering that the probability of emergence
as adults starting from larvae makes no difference for the hatching method in
the model, such observation would be in line with a choice of pg, ~ %G,
which for G = 0.05 gives pgp ~ 0.0054 < 0.02 meaning that the numbers accept-
able for aedesBA in Buenos Aires during the drought are consistent with those
just deduced from the observations in Iquitos. We recall for comparison that
“newly embryonated eggs hatch spontaneously without flooding” correspond-
ing to 19.7% of all eggs in CIMSim (Focks et al., 1993a), a figure taken from
(Southwood et al., 1972). Human intervention is in turn the result of urbanistic
infrastructure (for example the existence of reliable tap water and sewage) and
cultural factors as those related to gardening. The egg laying activity studied
corresponds to neighborhoods that have reliable sources of running (tap) water
and sewage system, no wells (the first water horizon is salty) and no cisterns.

The response of the model to non-linear mortality, Gillett effect and ab-
normal hatching indicate that these effects are most important when rains are
well separated in time and all of them have a similar (or reciprocal) influence.
The relatively high mortality and the relevance of the Gillett effect, as well as
the small abnormal hatching tolerated to achieve (some) compatibility with the
field observations, must be considered in relation to the large fecundity of the
Focks strain. The model is sensitive mainly to the product of these parameters
with the subpopulation of mature eggs, which is greatly influenced by fecundity.
The fecundity of domestic strains of Ae. aegypti might have been selected in
the laboratory and not be present in the field. Laboratory-dependent traits in
Ae. aegypti are not a novelty (Craig Jr et al., 1961). The insensitivity of adult
populations to daily fecundities above a range of 2-3 eggs per female per day
indicates either that wild strains are mis-adapted to the laboratory or that the
selective forces in the wild differ from those in the laboratory.

The model and the data support the idea that a drought such as the one
that took place in Buenos Aires during the 2008-2009 season has little lasting
effects since populations do not dramatically decrease and recover as soon as
the rains recover regularity. The circulation of dengue virus in Buenos Aires
started after the end of the drought, when the populations had recovered and
the results of the present model are consistent with the old aedesBA model used
in (Otero and Solari, 2010).

According to the model, strategies to prevent dengue by lowering the daily
fecundity, for example releasing sterile males (Lee et al., 2009), would have
to sustain populations of sterile males in excess of a 1:3 (optimistic) or 17:3
(pessimistic) ratio with respect to the local males to produce a decrease to
5/6 of the population using parameters corresponding to the Cordoba strain
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(optimistic) or Rockefeller strain (pessimistic). Such large uncertainty between
optimistic and pessimistic would disappear if the physiological parameters of
the local mosquitoes and the characteristics of their food and environment were
known.

6. Conclusions

The development of the model under the epistemology of complex systems
(Garcia, 2006) has led us to present new inquiries to nature to be answered by the
empirical method. The aedesBA model is constructed as a statistical description
which emphasizes dynamical effects at the population level more than at the
level of individuals. To attain a better and broader description of the hatching
and development dynamics, we have introduced a new element of description
consisting of the bacteria that are consumed by developing larvae. There are
several features in the development of immature mosquitoes (hatching (Gillett
effect), statistics of developmental times and larval mortality) that appear to be
sensitive to food, and hence to food dynamics. Incorporating all these effects to
the model requires further experimental inquiries at the ecological level.

Contrasting with the prevailing intuition that Ae. aegypti abundance and
consequently dengue risk is determined by individual (physiological or entomo-
logical) characteristics that are homogeneous at the species level, the results
obtained support the idea that Ae. aegypti presents large amounts of genetic
plasticity (Craig Jr et al., 1961), evidenced by the different performances of
the “native” mosquitoes (those whose characteristics are measured in their en-
vironment, the laboratory) and those collected in the wild. It should be kept
in mind that “considerable genetic plasticity in Ae. aegypti” in the form of
morphological and physiological variations has been recognized (Craig Jr et al.,
1961). Here, we indicated that such differences are large enough to be relevant
when modeling and cannot be ignored. The construction of the model from an
ecological point of view stresses the relations between the environment and the
individuals and suggests experiments that could shed some light on the matter
of adaptation. However, not all matters are sensitive to physiological differences
between mosquito strains. Such differences are important when interventions
are considered or dengue propagation is the problem of concern, and the matter
becomes crucial at the time of estimating the effort needed when using sterile
male techniques as control methods. Yet, other matters as mosquito abundance
are not so sensitive.

We have further shown that mosquito abundance is linked by the model to a
daily fecundity concept (average number of eggs laid by female and day) but it is
insensitive to the quotient between the number of eggs laid per oviposition and
the duration of the gonotrophic cycle. Yet, vector capacity is sensitive to the
latter. Hence, if the required parameters are not properly determined, models
may produce correct populations but incorrect vector capabilities at the same
time.

When considered from an individual point of view, the strains simulated in
this work display a range of net-reproductive-rate, NRR, going from 10 to 134
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(Grech et al., 2010). Yet, when it comes to the adult numbers, strains with NRR
around 10 present substantial differences among them, while the differences
between some strains with NRR 10 and the Rockefeller strain (NRR 134) are
not significant, evidencing important non-linearities. These results indicate that
the life-history approximation to fitness and the ecological approximation are in
conflict. When fitness is approached from the point of view of the individual, an
infinite environment placing no limits to the population is implicitly assumed.

The model also suggests that some observed differences between mosquito
strains obtained from different places located at relatively short distances (about
100km) may play no important adaptive role.
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AppendixA. Model formula

The model produces realizations of the process described by the Kolmogorov
Forward Equations for the events. Let X; be the populations i = 1... NV, which
evolve by jumps of §; when the event a = 1...F occurs, i.e., if the event «
occurs at t = 0 the populations jump from X;(07) to X;(0") = X;(07) + 6.
Then, the probability, P(n,t), of n = {n,} events that have happened up to
the time ¢ is ruled by the following equation:

W = za:wa(x — 6 )« P(n—1q4,t) — (Za:wa (X,t)) « P(n,t) (A.1)

where w, (X, t) stands for the rate of occurrence of event «, which depends
on the time and the populations (the vector 1, is a vector with all the entries
equal to zero, except the « entry, which is one).

It is important to realize that, in mathematical terms, two different events
(say a and B) are different if and only if 6% # §%. For example, two different
causes of larval mortality constitute one event with a rate that is composed of
two different contributions (causes). It is possible, for convenience, to split the
event in terms of the various causal contributions. Thus, there is a mapping of
many to one events from biological causes to mathematical events. This is par-
ticularly relevant for the discussion of abnormal hatching, since, by definition,
abnormal hatching is “all hatching not triggered by the rain”. Thus, it describes
several biological contributions, such as sites refilled with water by human ac-
tion, spontaneous hatching, and eggs oviposited on top of the water, in a single
event. The mathematics then explains that such sources of hatching cannot
be distinguished by the effects on populations except when the dependences of
their rates are significantly different.

Random sequences distributed with the probabilities given by (A.1) are se-
quences of jumps in the populations at time intervals distributed exponentially
with rate W = > wq(X,t) and probability of the event given by p(a) =
we (X, t)/W, as originally discussed in (Feller, 1940). Monte Carlo implemen-
tations for these types of processes rely on the generation of random variables
distributed with exponential and multinomial probabilities and were first imple-
mented in (Kendall, 1950). An efficient algorithm to proceed with population
updates at fixed time intervals (taken as 2 hours in our simulations) was pre-
sented in (Solari and Natiello, 2003).

The use of exponentially distributed times is not a limitation on the type of
distributions for biological processes that can be implemented. By introducing
intermediate steps, it is possible to generate any desired time statistics as dis-
cussed in (Otero et al., 2011). Thus, the method does not impose a limitation
on the biology.

Additionally, it is worth having into account that by defining x = (X/BS)
and taking the limit for large carrying capacities (BS — o) with z finite, a
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deterministic limiting process that corresponds to the standard heuristic ordi-
nary differential equations for this family of mathematical problems is defined
(Kurtz, 1970; Ethier and Kurtz, 1986).

The populations, events and rates considered in this work are listed in Table
Al

The mathematical expressions corresponding to the events are presented in
Table A2.

The computer code of aedesBA is written in C, is distributed under GNU
license and a copy can be obtained from the corresponding author.
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AppendixB. Model interpretation of the experimental results of Ma-
cia and Barrera

In his work, Macia reports the average time for pupation (in days), D, and
the survival probability, S, in experiments performed at 26°C' under natural
conditions (natural, self-sustained feeding) at different densities (4, 8, 16, 32,
64, 128, and 256 larvae). Each experiment was replicated four times. The
experiment was considered complete when either there were no more larvae in
the replica or there was no pupation for a period of 7 days. We summarize the
values extracted from Macia in Table 1. The 7-day rule was not applied to the
densities 4-64 but it may be influencing the 128 larvae density and definitely
influences the 256 larvae density. Thus, because of this reason we will limit our
elaboration of the results to the densities 4-64.

Similarly, mortality depends on the relation between larvae and food. While
the daily survival is usually considered in the range between 0.99 and 0.96
under laboratory conditions (Grech et al.; 2010), such values are obtained in
the competition between the events pupation and death. Such competitions are
won by pupation under laboratory conditions in about seven days.

Resistance to starvation was studied by Barrera (1996). Larvae of Ae. ae-
gypti that were starved after 3.5 days of being naturally fed showed a survival
rate that quickly decreased towards zero at 15 to 20 days of starvation. Barrera
indicates that “no pupa was produced during starvation in any of the experi-
ments with natural food”. The experiments were performed in three replicas of
100 larvae each and no larvae survived more than 25 days of starvation. In con-
trast, 36%-78% survival would have been expected extrapolating the constant
mortality found when food is in excess, a fact that clearly indicates an increase
in the mortality due to starvation.

Pupation . In the current model, there are only two competing events for larvae:
death and pupation. The probability of pupation for a larva is

Ip(T, L/ Py)
T,L/P) = LA B.1
p(T, L/ Fy) I,(t,L/P;) + d)(L/Py) (B-1)
The average survival is then
L
LS=LxS=Y p(T,i/Ps)~ 14+ 096839« L (B.2)
i=1
The average time of pupation computed for L larvae in competition is
L 1
D(T,L/Py) = _— B.3
(TP = X G (B.3)
when all the larvae reach pupation and
T L/Pf
D(T,L/Py) B.4
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considering the mortality.

Hence, if we consider the values reported by Macia (see Table 1), we can
adjust a linear relation between LS and L. The slope of the line corresponds to
the survival rate (Figure B.1).

O L*S
60— — L*S=0.4+0.96839* L —

50—

40 —

Pupae

30—

20—

10—

\ \ \ \ \ \
0O 10 20 30 40 50 60 70

Initial number of larvae

Figure B.1: Total survival as a function of the initial number of larvae and linear fit.

We then obtain an approximately constant survival rate of 0.97.

For the average time to pupation, we can proceed similarly. LSD = LS x D
as a function of L can be adjusted with a quadratic function.

Hence, we obtain

LSD(L) ~ 14.237 4 2.2965 % L + 0.13867 % L? (B.5)

1/Qu, (T, L/ Py) = 0.97 + (LSD(L) — LSD(L — 1)) (B.6)

However, this fit does not take into account the fact that for L = 4,8, 16 the
pupation time is almost constant. Hence, we consider that Macia“s experiment
shows that there was food in excess for 16 larvae and that pupation was main-
tained up to 64 larvae with a decreasing rate which is the multiplicative inverse
of a linear function. For higher densities, the long pupation times result in a
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Figure B.2: LSD plot against the initial number of larvae, and quadratic fit.

prevalence of death events over pupation. We will account for it as an increase
in the mortality rate.

These considerations lead us to propose the pupation rate as a function of
the relation between larvae and food (Equation 1).

Mortality. Mortality rates are more difficult to establish from the experiments.
While a constant mortality probability suggests a proportionality between pu-
pation and death rates, the difference with an accepted constant mortality rate
of 0.01 reflected in S(L) lies within the uncertainty of the data. We prefer
adopting a constant mortality rate at low densities.

Starvation imposes a limit time to the mortality rate (Barrera, 1996). With
no food, a larva fed in the 3.5 previous days with natural food will last about
15 to 25 days. Additionally, starving larvae do not reach pupation. In Macia’s
experiment, the mortality increases significantly for the 128-larvae density and
even further for the 256-larvae density, although these data are influenced by
the 7-day rule of the experiment. We take these data as an indication that
starvation conditions begin to appear at densities of 128 larvae and linearly
interpolate an increase in the mortality to an average survival time of 18 days.

0.01 if L < 64
Wa(L) = { (0.01 + MaexL=6D)) if 64 < [, < 128 (B.7)
0.01 + My +4 if128 < L
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The coefficient of non-linear mortality is expected to range between 0.010 and
0.023, corresponding to an average survival under starvation conditions between
10 and 20 days. The lower limit accounts for a shorter period of sufficient feeding
before starvation than the one studied by Barrera. Equation (B.7) results in
the dependence on the Larvae to available food relation of Equation (2).
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Table 1: Results from Macia (2009).

Density Individuals D (days) Survival
4 4x4 5.45 1
8 4x8 5.78 1
16 4x16 5.41 1
32 4x32 7.14 1
64 4x64 11.75 0.97
128 4x128 10.39 0.45
256 2x256 7.42 0.065
Table A1: Variable names and symbols
Variable Name
immature E;
Egg mature E,,
wet, E,
Larva L
Pupa P
non parous Ay
Adult flyer F
parous Ay
Produced food Py
Leftover food f
Temperature T
Breeding sites BS
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