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Abstract: The Galapagos Islands are well known for their incredible biodiversity and the inspiration for Charles Darwin's natural
evolution theory. It is an ecosystem that has evolved without predators, so their native species are unfit for competition. As a
result, this biodiversity has been threatened by invasive species like rats (Black and Norwegian). Nowadays, the primary strategy
to control rats is by having drones that disperse a unique poisoned bait. Our study aims to mathematically model the strategies to
eradicate rats in islands, based on previously reported processes. As a result, we are obtaining the approximated time to reduce
its population as much as being eradicated, without threatening the coexisting species. We also propose a suitable alternative to
be applied in the Galapagos Islands to recover their biodiversity richness. We find that rats' introduction has caused a decrease in
the native species due to having specific traits that make them fitter in different situations. The best method to control species in
such a sensitive environment is by the use of anticoagulant rodenticides. The current method used for eradicating rats seems to
be the most profitable even though there is not enough information to see the collateral consequences of the poison technique.
Furthermore, we propose this theoretical study complemented with in situ samplings to corroborate our hypothesis and improve

our prediction model.
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|
Introduction

Islands developed as isolated ecosystems resulted in
species evolution with restricted native competence and the
inability to compete with predators. Then the presence of fo-
reign species directly treats island biodiversity worldwide. The
introduction of mammals, specifically the presence of invasi-
ve rodents, is among the most problematic species in islands*
by being responsible for changes in the ecosystem and many
extinctions to date? There are records of invasive rodents on
80% of the significant islands globally, and how it is still un-
ceasingly introduced?® that worries conservationists. Rodents
represent more than a problem for the conservation of biodi-
versity; they are a threat to humans' health with whom over-
lap its habitat by being an imminent disease vector®. The rats'
ease of adaptation, lifespan, and rapid spread, complemented
by the warm, favarable climate of the islands, have made rats
a tricky pest to deal with®.

The need to recover species and restore island conserva-
tion has driven the development of eradication techniques as
one of the most cost-effective tools®, even though in large is-
lands, this is often impossible’. Eradication of invasive species
is based on (i) all target animals (rodents) are put at risk by the
eradication technique(s), (ii) target animals must be removed
at a rate exceeding their rate of increase at all densities, (iii)
immigration must be zero®. However, native species are also at
risk. So, this requires special attention. Meanwhile, the process
must be done as fast as possible to avoid eliminating a new
generation of invaders. Eradication is performed by delivering
a lethal dose of rodenticide to each rodent; this bait containing
rodenticide can be distributed either by hand-broadcast or in
bait stations on small islands, but for larger islands, eradica-
tion by an aerial broadcast of bait is required to ensure suitable
bait availability>®'°, However, there is a failure rate of 16.1% of
eradication from the overall eradication processes reported®*.
Mathematical models and, in particular, models applied to bio-
logy can be an essential tool to understand the dynamics of a

phenomenon®?, which allows the prediction of the impact of a
determined process with variables pre-established that saves
monetary, ecological investment, labor, and time.

Galapagos Islands are an exact representation of biodiver-
sity; however, it has been affected by introducing the rodents
Rattus rattus, R. norvegicus, R. exulans, and Mus musculus®
that arrive at the archipelago on whaling boats and pirate ships
since the late 1600s™. Human colonies spread together with
rats' dispersing along the island at unknown dates of arrival®.
These introduced species caused a decrease in the population
of endemic species principally in two ways: the first one is ea-
ting the eggs and the second by eating the other species' food.
The Galapagos Islands have always been a key example of
Charles Darwin's theory of evolution. Though, the species he
detected at the time has been gradually lost. Darwin recorded
in 1835, the first species of the black rat on the island Santiago
and progressively new researchers recorded more rodent spe-
cies®. Black rats drove the extinction of four endemic rodents
and a terminal decline of fauna, to mention sea- and land-bird
populations and even the endangered status of one race of
giant tortoise'® '8, At present, there are two endemic genera of
rats, Oryzomys and Nesoryzomys'®.

In Galapagos Islands, there have been attempts to eradica-
te rodents; one of them occurred in 1988 at Pinzon Island with
rodenticide bait dumps and hand broadcast of baits containing
brodifacoum and coumatetralyl that were unsuccessful'®?,
North Seymour Island was hand baited in 2007 with wax bloc-
ks containing brodifacoum and successfully eradicating black
rats?. The first aerial broadcast of brodifacoum baits occurred
in 2011 at Rabida and Pinzon Islands and managed to eliminate
invasive black rats. For this procedure, it captured and held the
Pinzon tortoises (Chelonoidis ephippium), Pinzon lava lizards
(Microlophus duncanensis), and Galapagos hawks (Buteo gala-
pagoensis) species to mitigate the direct impact of the roden-
ticide!>??, The rodenticide bait has led to non-target animals'
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poisoning, especially raptors whose diet is not restricted only
to rodents?, For instance, in 2011, after the eradication plan in
Pinzon, all captive Galapagos hawks were released, and from
days to months later, it was found that 22 of them died by anti-
coagulant toxicosis by brodifacoum in the liver due to rodenti-
cide exposition of lava lizards, part of hawks diet!3?,

This paper aims to evaluate an alternative use of roden-
ticide with reduced secondary effects and obtain a theoreti-
cal approximation by designing a mathematical equation that
may predict the process before being applied in situ. Simulta-
neously, suggesting the control and management of strategies
to eradicate rats in the Galapagos Islands. All based on the
successful plans carried out in other case studies to promo-
te the conservation of endemic species in the archipelago and
avoid the rapid extinction of more species. Our study begins
with an analysis of the three main strategies for eradicating
rats, where the assumptions for our study are introduced. The
base equation for our mathematical model is then shown and
is followed by the model equations along with each parameter
and estimated value to use. Then, in results and discussion,
the best alternatives and the eradication time of rats in the Ga-
lapagos Islands are analyzed and compared. Finally, this work
ends with the conclusions of our study and future work.

|
Methods

Eradication strategies and model assumptions

We had considered three main strategies for the eradica-
tion of rats. The first strategy is poisoning, the second is killing
by trapping, and the third one is inducing infertility.

The poisoning strategy is based on the use of rodentici-
des that had been broadly applied in rat eradication programs,
some with success and others with some failures®. Anticoagu-
lant rodenticides are the most widely used poisoned technigue.
They inhibit the synthesis of clotting factors dependent on vi-
tamin-K in the liver, which results in internal hemorrhaging,
leading to death typically within 3-10 days®. The rodenticides
are designed specially to kill rats, although non-target spe-
cies could also be affected. There are some reports about the
affection of non-target species due to rodenticides, especially
in vertebrates®, The rate of success of rodenticide use depends
on rats' ability to differentiate the toxins, which produce offs-
pring capable of avoiding bait stations. For our model, we as-
sume that the poisoning strategy is by using bait stations and
that eventually, the rats will learn how to distinguish poison.

The second method analyzed is the use of traps, which are
more acceptable within urban populations?. Trapping is recom-
mended for sensitive environments where rat populations are
prominent, as it has the most significant capture rate. The use of
traps needs continuous monitoring, which requires more costs,
but at the same time, it avoids affecting the capture of non-tar-
get species and also can be used as a way of monitoring the rat
population within anisland. This is an essential parameter before
assisting the application of any eradication methods?. The use
of traps also induces the development of trap shyness such that
they learn to avoid traps. For that reason, a period of pre-baiting
to familiarize the rats with the traps is recommended®. Due to
this, the strategy could have a small-time lag from their initia-
tion of the trap strategy and population decrease. Therefore, the
use of traps is more recommended in places with high human
density. In the Galapagos Islands, it is recommended in the po-
pulated islands, which are Baltra (Seymour), Floreana, Santa
Cruz, San Cristdbal, and Isabela, and with a large population of

rats. In our model, we assume that live traps are widely distribu-
ted in the islands and that rats will learn to avoid traps.

The third strategy consists of inducing sterility. The use of
chemosterilants could have changed the behavior and structu-
re of the population. Induced sterilty may be temporary or per-
manent and can affect males or females®®. Depending on how
the sterility is induced by chemosterilants or modified females'
introduction, different outcomes could arise. In the Galapagos
Islands, where it is not recommended to introduce any new ani-
mal, it is suggestable to induce infertility by chemosterilants
like androgens. The sterilization strategy has higher specificity
than traps. One of the main disadvantages of sterilization is
the time lag between sterilization and decreased population
size. In the present study, we applied the sterile induced in fe-
males because female rats mate several times (higher than
90 per hour with different males)®®. The sterilization method
that we are considering is the spread of androgens that induce
infertility in females. We are assuming that rats do not learn
how to identify the androgen bait. Just one intervention with
androgen is needed, and we induce sterility for the remaining
of the rat's lifetime.

In addition to the eradication methods described above,
we also consider joining two strategies to get a better output
of rats' eradication in the islands. For this purpose, we consider
the case of applying poisoning and sterilization strategy. The
assumptions will be the same as the eradication methods. The
other assumptions for this method are applied at the same
time. So, the same rate of rats dying from poison could be in-
fertile or fertile.

Application of the Logistic equation

Rat populations grow in an essentially logistic pattern un-
til the limit of the habitat's carrying capacity is approached®.
It means that rat populations tend to increase exponentially,
but they lower their increasing rate when the carrying capacity
is reached. We had constructed our equations modeling the
different eradication methods based on the logistic equation
(1], where r is the rate of population increase. N is the number
of individuals in the population. K'is the carrying capacity®. We
are assuming no time lags, no migration among islands or with
the continent, and no influence of genetic variation.

d—”:rN(l—%) [

dt

To evaluate the best method to control rats, we varied the
parameter "r" that regulates the increased population rate. For
each method, we are calculating "r" that will result from the
strategy applied. We consider that each eradication method
has a different r. The calculation of r depends on the rate of
births and deaths to the population. All the calculations and
rates presented were defined by months.

Four factors will influence the rate of births. The first fac-
tor is the proportion of adults in the population (y). In the model
presented, we consider as an adult the population capable of
producing offspring. The second factor is the average offspring
that a rat produces per month (a). The third parameter is the
female proportion within the population because they are the
ones that produce offspring, so they are the ones that produce
an increase in the population (B). For this parameter, the value
of 0.5 is assumed, which means equal proportions. This is due
to various reports showing there was an equal distribution of
gender within the rats. The last factor is the fertility rate of
females (), which is directly correlated with the proportion of
pregnant female rats.



The rate of deaths is the sum of the rate of rats that die
naturally (w) and rats that die due to the eradication method. In
our case, just the first method of eradication, the use of poison,
we consider the rate of natural deaths and rats' rate died by
poison. This last rate is calculated, considering that rats learn
how to distinguish the poison. The equation developed by Gen-
try in 1971 describes this rate [2], where ¢ is the rate of rats
dying by poison A, is the fraction of rats that will be poisoned
if the rats will not realize that they are being poisoned, Q is the
fraction of rats that do not learn to distinguish poison, and A,
describes how fast the rats learn how to distinguish poison®.

¢ =40 +(1- Q") 2]

The second method of eradication is very similar to the
first method because here, we also had rats that learn to avoid
traps. Therefore, the rate of rats dying by traps will be influen-
ced by B, (the fraction of rats that will be trapped if the rats
will not realize that they are being trapped). P is the fraction of
rats that do not learn to distinguish traps and B, describes how
fast the rats learn how to distinguish traps®2.

For the third eradication method, the deaths will be just in-
fluenced by the fraction of rats that die due to natural causes.
The change in this equation is the fertility rate that will decrea-
se due to the induced sterility (i). . In the mixed strategies, we
are using the same parameters as their respective eradication
methods.

Model Equations and parameters of the Strategies
analyzed

Summarizing all the descriptions above, we developed the
following equations for the eradication methods. Equations
[3], [4], [5], [6] describes the poisoning strategy, trapping stra-
tegy, sterilization strategy, and the combination of poisoning
and infertility strategies, respectively:

L= (yaps — [0+ 4,Q + (1 - Qe )N (1-%) [3]

= (aps —[o+B(P+ (1 - Qe PN (1-7) [4]

S= (ap-n-wN(1-%) [5]

W a1~ [0+ 4(Q + (1 - Qe DN (1-2) [

The values of the parameters described before were es-
timated from previous reports about the behavior of rats. In
some cases, the parameters calculated were an average of
various reports. The values and parameters are summarized
in Table 1.

After finding all the parameters, we calculate the respec-
tive "r" values and then replace them in the logistic equation
solution [7]. For the estimation of the carrying capacity, we
calculated based on the total area of the islands that had rats
in Galapagos, which is 6937 km?%?, and the home range of rats
being 150 square feet®. To estimate the rats' initial population
on the island, we consider the density of 4.6 rats per ha repor-
ted on one island of Galapagos®.

KNg
No+(K—Ng)e~Tt

N(@) = [7]
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Results and Discussion

To find the best strategy to eradicate rats, we must first
solve each of the differential equations presented in [3],[4],
and [5]. The results obtained considering the previous varia-
bles and restrictions presented by the model are presented in
Fig. 1. We discover that the strategy that produces a more sig-
nificant reduction is by poison with -0.20, the second is induced
infertility with -0.12, and the trapping method with -0.11. It can
be seen that the strategy of spreading poison is the one that
makes our logistic equation tend to O more quickly.

The primary data found for the poison methodology to be
most significant is the value of the intrinsic growth rate, which
will influence rats' data that learn about the detection of the
poison or the trap it is pretending to use. Besides, this data is hi-
ghly influenced if we contrast it with the logistic equation's so-
lution [4] since they are strictly within an exponential. So it will
be what predominates for the behavior at zero that is expected
for eradication. On the other hand, the infertility strategy has
a supervised factor since the population of infertile rats must
be better controlled with the rat eradication process. If we con-
trast it with equation [3], we observe that the variable induced
infertility ratio is the independent variable with more weight to
give a better growth rate. The poison propagation strategy is
one of the most common to be used according to the reviewed
literature, which suggests that it is the most effective strategy
in the different places that have been applied.

As we can see in Fig. 1, even though poisoning is the best
strategy, it does not result in the ideal time to reduce rats'
population because if there is a long enough time lag, there
could be a resurgence of rats. There have been reports that
approximately after 2 years, there is a relapse of rat infesta-
tions and the percentage of rat incidence increase along the
time“%. However, when we used two techniques, it had a better
result in eradicating rats, as shown in Fig. 3. The mixed stra-
tegy of poisoning and sterility the ones with highest values we
got an rof -0.52 and got an eradication before two years, which
ultimately is the aim.

With the results obtained, it is possible to consider the
predicted times for the eradication of rats in each of the is-
lands belonging to the Galapagos Archipelago that have the
presence of rats as in Fig. 2, representing a population of rats N
=1 for each one of them and time in months. Therefore, in the
solution of the logistic regression equation [6], we will be able
to obtain the different times (t) according to the area in square
kilometers (km?) in which rats are exterminated applying the
poison strategy. The results are presented in Table 2.

As we can see, the larger the island area, the longer it will
take to eradicate rats, having a direct relationship between the
area of the island and time. Still, the time of poisoning with
rodenticide, despite being found as the most effective, takes
a prolonged time, but this time is reduced notably if comple-
mented with the other strategies. This fact is essential when
avoiding new births since the generation time of rats is short.

|
Conclusions

The best strategy to recover biodiversity after the ecosys-
tem has been affected by alien species' introduction is its era-
dication. The most viable and effective way found is the use
of rodenticides and their dispersion through bait stations. The
most widely used rodenticide is an anticoagulant of second-ge-
neration brodifacoum. The eradication time is dependent on
the area of the island and its rodent population density. By
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Parameter Description

Y Adults proportion

o Average offspring

B Females proportion

) Fertile rats proportion

® Mortality rate due to natural causes
A Poisoned rats

Q Rats do not distinguish poison
A, Learning rats
B, Death by trapping
B, Rats learned to avoid traps

P Rats did not distinguish traps

[ Infertility induced proportion

Estimate
0.43
3.0
0.50

50.50
0.17
0.72
0.26
0.75
0.55
0.71
0.28
0.45

Citation

34

35

32

32

39

27,2936

37

Table 1. Values of the parameters used in the calculations.

T T T

30x108}

25x10% A\ -

20x108F \

1.5x108

Population size [N]

1.0x108}

500000 |

— Poison({)
— Traps({)
— Infertility(t)

o 10

.20.

30

40

Time[months]
Figure 1. Population growth of the application of the three strategies.

combining the poisoning and sterility induced strategies, time
is significantly reduced compared to the individual application.
In the case of the Galapagos archipelago, Isabela Island needs
the most time with 28.02 months, while the island we can eli-
minate rodents the fastest is Bartolomé, the smallest, in about
a year. It has to be taken into account that the target animals
inhabit the island, but if it is human-populated and if there are
animals that coexist in the same habitat.

The application of a mathematical model to this situation
allows us to simulate the eradication of rats without the need
to experiment in situ, which is the best in the least amount

of time. This allows us to save financial expenses and time to
carry out this work. It is crucial to have actual data from the
islands to improve the model and get closer to real-time to
offer better suggestions regarding invasive species' eradica-
tion processes.

Future work

We look forward to finding a budget for the studio and mo-
nitoring the ecology of rodents in the Galapagos Islands and
how it has affected biodiversity. There is insufficient quanti-
tative information on the critical archipelago and introduced
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Figure 2. Map of the Islands that have registered the presence of rats.
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Figure 3. Population growth of the 3 strategies and the combination of poison and infertility.
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