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Abstract

Chaturvedi R., Prasad R.Ch.: Determining species expansion and extinction possibilities using
probabilistic and graphical models. Ekolégia (Bratislava), Vol. 34, No. 2, p. 111-120, 2015.

Survival of plant species is governed by a number of functions. The participation of each function in
species survival and the impact of the contrary behaviour of the species vary from function to function.
The probability of extinction of species varies in all such scenarios and has to be calculated separately.
Secondly, species follow different patterns of dispersal and localisation at different stages of occupancy
state of the site, therefore, the scenarios of competition for resources with climatic shifts leading to
deterioration and loss of biodiversity resulting in extinction needs to be studied. Furthermore, most po-
ssible deviations of species from climax community states needs to be calculated before species become
extinct due to sudden environmental disruption. Globally, various types of anthropogenic disturbances
threaten the diversity of biological systems. The impact of these anthropogenic activities needs to be
analysed to identify extinction patterns with respect to these activities. All the analyses mentioned abo-
ve have been tried to be achieved through probabilistic or graphical models in this study.
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Introduction

Globally, most of the species (both flora and fauna) are under serious threat from direct and indi-
rect human activities; while direct activities such as deforestation lead to species habitat fragmen-
tation and loss (Miller, Tangley, 1991; Groom, Schumaker, 1993), and changes inclimatic condi-
tions coupled with gas emissions (Matthews et al., 2009; Davis et al., 2010). The synergistic impact
of these human-driven activities questions the survivability of organisms in the morphed climatic
environments (McCarty et al., 2009). At one level, fragmented habitats increase intra- and inter-
species competitions, thus, resulting in decline of populations of species (Hobbs, Yates, 2003),
leading to grouping them under rare and threatened category (IUCN, 2001). At another level, the
amplified global temperatures in parallel with low precipitation rates not only create unsuitable
external habitat conditions, but also impose internal changes in biological clock and physiologi-
cal processes of the organisms, in addition to their life-history traits (Reynolds et al., 2005; Price,
Gittleman, 2007; Bradshaw, Holzapfel, 2010). This kind of changed scenario, both externally and
internally, brings incompatibility in the organism to cope with fluctuating climatic conditions,
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finally making the species vulnerable and forcing it into the process of extinction (Wilcox, Mur-
phy, 1985).

The process of species extinction accelerated with rapid human activities and, in the current
scenario, many species are in the queue towards extinction (Gilpin, Soule, 1986). Although we
are losing our uncounted valuable biodiversity, in a sense, we still do not have an exact idea of
how many species are surviving globally, and we are losing them faster than we are able to count
the wealth we hold (De Vos et al., 2015). A species may enter the process of extinction under the
influence of a single factor or accumulated effect of multiple factors. The rate at which species are
subjected to extinction processes may also vary, that is, some at faster rates and some in sequenced
slow processes depending on their genetic build-up, ecological tolerance and amplitude (Purvis
et al,, 2005; Reynolds, 2003; Reynolds et al., 2005). Overall, there is a need to understand the
contributing factors that bring about this varied extinction risk among the species and use those
factors to model the species extinction rates and processes.

Estimations of IUCN (2009) clearly indicate the worsening scenario of anthropogenic ac-
tivities on the status of species survivability that need to be addressed under high priority. As
per IUCN (2009), about 17,291 species out of 47,677 so far assessed are threatened with extinc-
tion indicating loss of almost 36%, of the total estimations, which is a very large number. Of the
world’s 5490 mammals, 79 are extinct or extinct in the wild, with 188 critically endangered, 449
endangered and 505 vulnerable (IUCN, 2009). The disappearance of mammals at such a fast rate
is posing threats to none other than humans (Laurance, 1991). Phylogenetic comparative analysis
of species extinctions with reference to mammals, using the global approach model, described
geographical range, human population density and latitude as important predictors of species
extinction risk (Cardillo et al., 2008).

The research on amphibians of Madagascar by Andreone et al. (2005) categorised all the spe-
cies according to IUCN list as threatened, critically endangered and vulnerable. The study identi-
fied the drivers or predictors for the near extinction of species as over-collection of species for the
pet trade on the one hand and low ecological amplitude and continuous habitat loss processes on
the other hand as factors most influencing the extinction risks. Similarly, other groups of fauna
species are also at equal risk of extinction due to various human-driven destructive factors, for
example, Avian species (Szabo et al., 2012), Reptiles (B6hm et al., 2013), etc., including other in-
vertebrate groups that are more sensitive to environmental changes and quantifying their extinc-
tion rates is quite challenging and difficult. Compared to animals, plants that are major primary
productive sources are much more vulnerable to the extinction risks, questioning the ecological
balance (Davies et al., 2011; Fordham et al., 2012).

Keeping in view the high pace at which species are subjected to the processes of extinction, ap-
plication of conservation measures is utmost needed in the scenario of such crisis (Mace, Baillie,
2007; Cardillo et al., 2006). Since extinction is hidden underlying process of greater impact, utility
of species extinction prediction or forecasting models serve as better tools in understanding and
estimating the extinction risks faced by species using diverse factors (Sodhi et al., 2009).

Predicting species extinction is one of the most important and challenging areas of conser-
vation biology (Ladle, 2009). Different methods were used by the researchers to predict the ex-
tinction process, such as extrapolation (Solow, 2005) and metapopulation models (Bulman et al.,
2007), species area and distribution models (Williams et al., 2009; Hubbell et al., 2008). A review

112



of all these methods was provided by Ladle (2009) where he states that the probability of ex-
tinction estimations by different methods has major limitations, irrespective of their predictions
whether in ecological theory or expertise decision.

In the current research, we have tried to discuss the process of species extinction using differ-
ent models and graphs with different contributing factors. The probabilistic model explained in
this study tries to estimate extinction based on governing and limiting factors. The species model
developed for a site in Europe, based on historical presence and absence record of species distri-
bution (Doxford, Freckleton, 2012), has been further used in the current research to explain the
model process through graphs and identify the nature of selected site.

In certain conditions, species loss and extinction occur due to sudden, unexpected natural
catastrophes, such as collision of a large asteroid mass with the earth’s surface or volcanic burst
or human-induced large scale deforestation activities (Collinge, 1996; Sodhi et al., 2009). These
events are considered as drivers of extinction and sinusoids and gaussian curves are applied to
understand the sudden destruction phenomena along with growth and expansion of biodiversity.

Thus, the study looks forward to analysing multiple parameters leading to extinction and de-
velop models to predict stages with respect to their extent and influence on the surrounding en-
vironment. As a first step, we propose a model to predict probability of extinction of species and
thus functional groups as a whole based on models prepared for biological diversity. In contrast,
the probability models developed earlier were based on probability of local extinction of species
that estimates the loss of essential ecosystem functions (Nijs, Impens, 2000). Furthermore, we
generate scenarios depicting extinction based on the colonisation patterns of communities. Final-
ly, applications of gaussian curves and sinusoids are shown with the impacts of human settlements
on biodiversity that are being discussed with the help of graph. The population dynamics in plants
are known to operate over a long-time scale and are prone to lags in response to environmental
changes (Brook et al., 2009); this fact is considered with utmost care while developing the models.
All analyses and results are based on either hypothesis or historical data.

Material and methods

Probabilistic model development

A single species in an ecosystem is governed by a large number of functions. This model assumes that the species support
functions (climate, soil, etc.) in the same way that these functions support the species to flourish. A combination of these
functions at a particular location supports species with almost common requirements. Thus, species aided by a similar
combination of functions can be called functionally analogous and form a functional group, a group of species requiring
10 inches of annual rainfall and temperature varying between 20 and 25 °C throughout the year. The probability of a spe-
cies becoming extinct depends on a multitude of factors with different contributing ratio. For convenience, we assume
each factor contributes equally in the process. If N is the number of factors that aid a single species S, P being the prob-
ability of the factor behaving contrary, with respect to conditions suitable for species survival, I being the function (words
factor and function would be used interchangeably) indicator (1 if the species does not get extinct, 0 if species gets extinct
with I = 0 only if N = 0), we may state that probability of I = 0 equals PN. (Probability that all N factors those support S
behaves contrarily). Thus, the probability that S is not extinct (I = 1) is:

P=1-P% (1)

The range of values of P lies in the range of 0-1. It is essential for equation 1 that behavioural properties of all func-
tions are similar and one does not affect the other in any form. Figure 1 show the approximate number of functions needed
to obtain a given P expressed as a function of P. As part of the extension of these probabilistic values, few results have been
drawn in results and conclusion section further in this study.
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Fig. 1. Variation of probability of contrary behaviour with
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Random colonisation

Species

Extinction modeling of species based on models of distri-
bution change and climatic shifts

Three simple mechanisms of distribution change are
known, which are translated into extinction patterns
based on the colonisation patterns they follow (Dox-
ford, Freckleton, 2012).

The first of these models explains long-range colo-
nisation leading to expansion. For a site to become occu-
pied, sufficient long-range dispersal and suitable habitat
to be present randomly are both governing factors. This
may be assumed to happen in preliminary stages of suc-
cession process, where resources are readily available at
all locations and there is hardly any competition for the
species to survive. This is termed as a random colonisa-
tion model and characterised by chance colonisation of
favourite sites beyond immediately neighbouring sites.
These types of sites do not show
extinction patterns for a while
under constant environmental
conditions until resource compe-
tition does not start and climate
keeps on shifting at a slow pace.

The second model states
that colonisation takes place in
an aggregated manner. Species

Fig. 2. Random colonisation with developed predictive graph.

Localised phalanx

Species

Time

tend to occupy vacant places in
the immediate neighbourhood
of currently populated ones. This
is called as a localised phalanx
model. This is stated to happen
in two cases where dispersal is
highly restricted or large num-
bers of supporting sites are cre-
ated near the occupied ones. This
colonisation type attains a state of
maximum species distribution,
and further competition gives
rise to extinction along with cli-

Time

Fig. 3. Localised phalanx with developed predictive graph.

Phalanx spread

Species

matic shifts against the favour of
localised species.

The third model defines
the spread process as spatially
continuous; it is termed as a
phalanx-spread model. Species
advance to new suitable habi-
tats. Degradation of habitat from
large contiguous areas may lead
to large extinction probabilities
and change in climatic condi-

Fig. 4. Phalanx spread with developed predictive graph.
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tion gives rise to extinction of species and biodi-
versity deterioration.

Figures 2, 3 and 4 depict random colonisa- g :
tion, localised phalanx and phalanx spread in 2 2
Great Britain (Doxford, Freckleton, 2012) and N\
graphs developed corresponding to each of /N i

them are displayed adjacent to them. i [ asmam vevarion |/

Gaussian and sinusoids in ecological functioning H : i
and extinction for natural phenomena A/ | climaxstate

Abrupt change in governing function/ p——
Disruptionin sinusoid —

All species follow gaussian curve in the sequence
of events starting with succession to extinction
with maxima of gaussian curves representing Extinct
the peak or climax community. The graph is
assumed to be a gaussian because the time gap
between a positive and negative sinusoid (Fig. 5)
is hundreds of years, which suggests that graph e
necessarily is a form of gaussian curve. Human Settisments

These gaussian curves are governed by
sinusoids. The functions governing species
distribution and survival form parallel gauss-
ian sinusoids with respect to their growth and
depreciation. The crests in a sinusoid represent
positive behaviour of functions that support
species and similarly, troughs represent nega-
tive/contrary behaviour of the function. Species
growth and depreciation occur in correspond-
ence with these crests and troughs, which act as
delimiters, that is, climax community is reached Time
when crest appears and destabilisation is maxi- ~ Fig. 6. Graphical parabolic model relating human settlements
mum at troughs. Any disruption/breakage in  with decreasing number of species.
sinusoid at any point represents the possibility of
natural hazard that gives rise to calamity in terms of large species loss at once.

Fig. 5. Graph for gaussians and sinusoids in ecological function-
ing and extinction for natural phenomena.

Human settlements and species extinction

The growing numbers of human settlements result in reduction of species (Luck, 2007). In the logistic growth model of
human population, we choose lag phase as the basis of studies, it has been assumed that the lag phase approximately fol-
lows a parabolic equation. The loss of species due to anthropogenic activities is also assumed to follow parabolic equation.

Y = aT?[For human settlements], 2)
where % is positive constant and “T” is time.
Y’ =-bT*>+ S [For Species], 3)

where ‘b is positive constant and ‘S’ is the initial number of species. Thus, the graphical parabolic model relating human
settlements with decreasing number of species and their extinction is displayed in Figure 6.

Results and discussion
The concept of dominating functions
Earlier, we had assumed that all functions contribute equally in species survival and prob-

abilities of contrary behaviour of all of those were assumed to be similar and independent;
however, it is not a true assumption. All of these functions vary in contribution towards spe-
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cies survival, which we represent by W, for i function. Similarly, the probability of contrary
behaviour of the i" function is given by P, Then, probability of S being extinct is given by:

U, WiPj, (4)

The species gets extinct under duress if all factors fail simultaneously, this probability is
[T, Pi, 5)

For all cases, W, assumes values between 0 and 1. For a species, there may be a function F,, with
an exceptionally high weight, thus species survival may largely depend on the behaviour of
this particular function, which may also be termed as keystone function (Croley, North, 1988).
Suppose, W P, WP ,and WP, are the probabilities of a species getting extinct when functions
F, F,, and F, behave contrary, respectively. The combined probability with all three functions
is given by the union of these. Figure 7 represents the Venn diagrams formed by events of dif-

ferent weights of influencing functions; for the case, the numbers of functions are limited to 3.
Extinction of functional group

The probability of extinction of functional groups composed of M species in total can thus be
calculated. The functional group is said to be extinct when none of the species constituting
the functional group survives in the selected
location. This probability of extinction of all
species simultaneously is given by:

- - )

WiP—~—0u0 |

WP, And, all the species forcibly get extinct
when all functions show contrary behav-
iour. This probability remains the same as

Fig. 7. Venn diagram formed by events of different that of extinction of Single species when all
weights of influencing functions. functions show contrary behaviour, that is:

1 [1¥, Pi, )

0.5 06

)

0
08 In all the calculations, the individual

function’s behaviour remains independent
of the behaviour of all other functions.

Figure 8 represents the relationship be-
tween probability of survival of functional
group and number of influencing functions.
It is a simplified case where all the functions
are equal and support species equally. The
Fig. 8. Variation of number of influencing functions with relationships correspond to different extinc-
survival of functional group. tion probabilities of functions.

\

0.9

)

Survivality of the functional group
o o o €

N - (]

T T T
x\ !

o

o

2 4 6 8 10

Number of influencing functions

116



Predicting the stage of curve by extinction modelling of species based on models of distribution
change and climatic shifts

The area of location being occupied by a species is a true measure of the stage on the curve.
It is expected that peak is reached when nearly the whole of the concerned area is occupied,
that is, there is hardly any room for species to be adjusted within the limited resource pool.
This states that the stage of locating maximum number of species that can be adjusted in a
particular location occurs when concerned area is fully occupied. At this juncture, the com-
petition for resources begins and species start getting eliminated one after the other with nu-
dation occurring once all the resources are exhausted. The random colonisation is assumed
to take place until nearly 50% of the area is occupied, it is so because, by this stage, there is
the probability of a single new habitat against every existing habitat and competition has not
started yet. The different stages are clearly labelled in Figure 9.

The graphical representation in Figure 9 can be validated by the following two methods:

Simulated redistribution of suitable climate space for stiff sedge under future climate sce-
narios in Great Britain and Ireland is shown in Figure 10. Suitable climate space is expected
to be lost, with a general migration northwards as climate changes (Pearson, Dawson, 2003;
Hulme, Jenkins, 1998).

Also, it is known that extinctions arising from area reductions apply independent of
habitat destruction or climate instability. The model suitably fits the equation S = cA* where
S represents number of species, A represents an area, ¢ and z are constants (Rosenzweig,
1995). Species that become extinct or threatened are adequately calculated by this relation
and habitat destruction significantly reduces the area available to them (Brooks et al., 1997,
1999). However, this has been stated in terms of extinction of bird species and could rather
be confirmed as the case of mutual interdependency and extinction.

Gaussian and sinusoids in ecological functioning, extinction for natural phenomena, hu-
man settlements and species extinction described above are very long processes extending
to thousands of years. Hence, the nature of graphs is assumed to be smooth in the model
developed. However, considering a lesser number of years, the graph is highly probable to

have distortions at more than

one place.

Aoccupied = -5Amax

Conclusion

There are knowledge-driven
models that use rules to iden- Walation Firse
tify  relationships between
dependent and independent
varjables in the environment
(Skidmore, 2002). Rules in
this study have been generated
from opinion and induction Time
and deduction approaches.

Species

Fig. 9. Predicting stage on the curve.
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Simulated currznt distribution High 2020< scenario High 2050s scenano

Fig. 10. Proof of model through earlier referenced research work - simulated redistribution of suitable climate space
for stiff sedge under future climate scenarios in Great Britain and Ireland.

Formal logic is used to infer conclusions from facts contained within the knowledge base.
The models can thus be summarised by the flow:

Given - E (antecedent evidence) + then » H (consequent hypothesis)

The study thus discusses three models that determine probabilities of extinction of spe-
cies and functional groups as a whole when individual probabilities of functions are known.
Further, predicted extinction curves of species have been modelled with respect to time,
depending on localisation patterns of species. The points on these curves can be identified
by another model that is concerned with the area of a location acquired by species. Further,
sinusoids and gaussian curves are used to model the ecological functioning and disruption
to formulate the hypothesis of extinction at rupture points of these curves. Finally, extinc-
tion has been modelled with respect to growing human settlements in the form of parabolic
functions.

To each probabilistic and graphical model suggested in this study, there are specific premises
on which they have been proposed. The models developed earlier proving the extinction pro-
cesses due to abrupt climate changes have been developed already with evidences (Croley, North,
1988). Corresponding to the type of climate changes and their extent, it is also possible to predict
their impact on changes in distribution or extinction risks (Pearson, Dawson, 2003). Similarly,
there are simulation models for transient effects of climate change on forest landscapes (Colin et
al.,, 1992). Combining all these models along with those stated in this study helps in assessing the
extinction easily. In a similar way, the relation between the human activities and loss of biodiver-
sity described in this study can be accompanied by population densities and biodiversity studies
to predict the closeness to extinction of species in a particular area (Luck, 2007).
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The future work corresponding to each of these models would be the development of
models for conservation of species and thus biodiversity corresponding to each scenario of
mass extinction or slow procedural extinction.
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