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The purpose of this study is to develop a mathematical model for risk assessment that evaluates the
invasion risk of invasive alien plant species based on their biological attributes. Data for most of the
attributes were qualitative and in the form of linguistic terms. In order to handle the numerical and
linguistic variables, we proposed three models in the fuzzy environment. In the first model, all the selected
attributes were considered as equally important to invasiveness and in the second and third models, these
are considered to be unequally important. The important weights for the biological attributes in these
models were gathered from the group of experts in plant sciences. Proposed Model Il incorporates more
sophisticated linguistic tool than Model 1. Model II gives better predictions in comparison to the first and
third models and it is found to be better tracking system for identifying potential invaders as in the case
of conventional risk assessment method.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Invasive Alien Species (IAS) are considered as a serious threat to
the existence of native species as they alter physical, chemical and
biological components of the environment [ 1]. Invasive alien plants
usually have higher ability of tolerance due to various environmen-
tal conditions, strong reproductive potential, efficient dispersal of
their seeds and other plant parts which make them established in
a great diversity of habitats. Therefore invasive potential of plant
species can be recognized by their biological traits or biological
attributes [2]. As such, Appendix A provides more discussions on
IAS.

To identify invasive alien species from other organisms, scien-
tists have developed different methodologies. Risk assessment is
one such approach. Application of risk assessments has become a
vital part of comprehensive prevention strategy of IAS [3-5]. It is
being used in many countries to identify the potential IAS at the
time of introducing any species from one country to another. Risk
assessments are in the form of a set of questions with predefined
answers for each question. The questions have been developed
based on risk factors which are the biological traits that may reflect
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invasiveness of a species. The outcome of the assessment is the risk
value for a particular plant or animal species, which is usually the
sum of scores that have been obtained by each question.

Risk assessment is only predictive tool developed using existing
information at a particular time and greatly varies among countries,
however most are based on qualitative methods. Risk assessments
are context dependent and it requires in-depth information about
the species to be assessed. When information on biological traits are
qualitative in nature, determination of the invasiveness of species
is often accompanied with imprecision and uncertainty. In order to
minimize the uncertainty and bias towards the risk assessments,
these are usually conducted with the opinion of a team of domain
experts. In many cases, it has been a manual process that takes
a considerable time to complete. We believe that integration of a
mathematical approach with risk assessments may assist (at least
partly) to overcome this situation and increase the efficacy of the
process. For an example; when the risk factors are unquantifiable,
it may be stated only in linguistic terms in the conventional method
(e.g., when evaluating the “vegetative reproduction strength” of a
plant, terms like “low”, “medium”, “high” are used). In this situation,
fuzzy set theory may play a vital role in modeling qualitative infor-
mation as it is capable to handle fuzziness in qualitative aspects
representing them in linguistic variables.

Therefore our aim has been to develop a mathematical model
which incorporates quantitative as well as qualitative biological
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Fig. 1. Structure of the Invasion risk Model used in this study.

risk factors to evaluate the invasiveness risk of Invasive alien plant
species. In this study, eight biological traits of plants that con-
tribute heavily for the invasiveness were chosen as risk factors. The
set of risk factors consisted of quantitative as well as qualitative
variables. In this work, we developed two different models using
fuzzy linguistic aggregation operators such as Linguistic Ordered
Weighted Average operator (LOWA) and Linguistic Weighted Aver-
age (LWA) operator [8,11] to obtain the relationship among the
biological traits. The risk factors were categorized according to
their importance, i.e. whether they are directly important or indi-
rectly important for invasiveness when developing Model I and
Model II respectively. In recent years, new concepts based on lin-
guistic approach were designed to overcome the shortcomings of
the aggregation operators [17,28-31]. Hence, Model IIl was devel-
oped by incorporating weighted Majority guided Linguistic [OWA
(MLIOWA) operator to see which aggregation technique is more
suitable to provide a reliable model.

The models were validated by testing with a set of known inva-
sive plant species and non invasive species found in Sri Lanka. Data
for the National Risk Assessment (NRA) by the National Invasive
Specialists Group affiliated to Ministry of Environment and Renew-
able Resources, Sri Lanka (2012) were used.

2. Structure of the model

To develop the risk assessment mathematical model, eight bio-
logical traits related to reproduction and dispersal were selected as
the risk factors as per the opinion of botany experts. These repre-
sented parameters [5] are Number of seeds per fruit (SF), Annual
seed production per m2(ASR), Viability of seeds (in months) (VIA),
Long distance dispersal strength (LDD), Vegetative reproduction
strength (VRS), Seed germination requirement level (SGL), Poten-
tial to be spread by human activities (HA) and Role of natural and
man-made disturbances (NMD).

To establish the structure of the model, the eight risk factors
were divided into two categories, under main and sub-risk level
(Fig. 1). The data for sub risk factors in dispersal category were
quantitative and other factors were in the form of linguistic terms.

Firstly, a sub model which aggregates the risk of dispersal
related risk factors was constructed. The output of this sub model
has been converted into a linguistic terms. Therefore, data of each
main factor takes the same format. The steps for developing the sub
model are described in Section 4.

In order to develop the model, related data of twenty seven
known invasive species were used. Appendix B provides general
facts about these species. In addition, related data including respec-
tive risk scores obtained in NRA process of six known invasive
species and four non- invasive species were used for validation of
the model.

In the next section we present some theoretical aspects of lin-
guistic approach.
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Fig. 2. Membership functions of linguistic term set S.
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3. The choice of linguistic term set for the risk levels

We already mentioned that the final output of the model was
expected to be an invasive risk level of plant species where the
parameters (main risk factors) could be represented in linguistic
variables. Therefore we need to choose the cardinality of the set of
linguistic terms which could discriminate the different countings of
uncertainty. Below we present the definition of linguistic variable
as defined by Zadeh [12].

Definition 1(/12]). Alinguistic variable is characterized by a quin-
tuple (L, H(L),U,G,M) in which L is the name of the variable; H(L) (or
simply H) denotes the term set of L, i.e., the set of names of lin-
guistic values of L, with each values being a fuzzy variable denoted
generically by X and ranging across a universe of discourse U which
is associated with the base variable u; G is a syntactic rule (which
usually takes the form of a grammar) for generating the names of
the values of L; and M is semantic rule for associating its meaning
with each L, M(X), which is a fuzzy subset of U.

One may note that the meaning of each linguistic term has been
given by means of a fuzzy subset defined in the [0, 1] interval, which
are usually described by membership functions [8]. The triangu-
lar membership functions have been found to be good enough to
capture the vagueness of the linguistic assessments. This is para-
metrically represented by a 3-tuple(a;, [;, ;). The first parameter
indicated the membership value of 1; the second and third param-
eters indicated the left and right width from g; to the left and right
end point of the domain of the membership function respectively.

A set of seven linguistic terms are used by the plant science
experts to express their evaluation as below (see Fig. 2.):

so =U=Unlikely=(0,0,0.16)

s1=VL=Very Low=(0.16, 0.16, 0.18)

s;=L=Low=(0.34,0.18,0.16)

s3=M=Medium=(0.5,0.16, 0.16)

s4=H=High=(0.66,0.16,0.18)

ss =VH=Very High=(0.84, 0.18, 0.16)

s¢ =EH =Extremely High=(1,0.16, 0)

These linguistic terms are placed symmetrically around the mid-
dle term which represent the assessment of “approximately 0.5”.

In this kind of ordered structure, it is often required to see
whether the linguistic term set satisfies the following additional
characteristics as defined in [8]:

¢ There is a negation operator, e.g., Neg(s;)=s;, j=T—1i (T+1 is the
cardinality).

* Maximization operator: Max (s;, sj) =s; if s; > ;.

* Minimization operator: Min (s, 5;) =s; if s; <'s;.

In the next section we present the sub model which evaluates
the risk of dispersal related factors of invasive species.
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Fig. 3. Z-shaped Membership Function.

4. Sub model
4.1. Fuzzy membership functions (FMF) for dispersal traits

In this subsection we focus on developing the FMF for the four
sub risk factors related to dispersal [15]. In order to develop the
membership functions for the four risk factors, the lower and upper
boundary points have been determined by considering their behav-
ior with regard to the invasive potential. Experts’ suggestions were
considered when determining the boundary points using the fol-
lowing assumptions.

¢ lower boundary point is the lowest possible value which has the
minimum effect to the invasive potential of a plant species.

e upper boundary point is the extreme value which has the maxi-
mum effect to the invasive potential of a plant species. The upper
boundary chooses as an unrealistic extreme value in order to
compatible to any invasive plant other than in the database.

¢ the invasive potential of plant species increase when the values
of risk factors increase from lower to upper boundary points.

The functions between lower and upper boundary points are
predicted based on the compatibility with the actual impacts of
biological traits as in Eqs. (2)-(5). Initially, Z- shaped membership
functions are defined for each parameter. The Z-shaped function
represents an asymmetrical polynomial curve open to the left as
defined in Eq. (1) [7].

b , for x<a
1—2[(x—a)/(c—a)] fora<x<b
uz(x,a,b,c)= 2§ b_ - (1)
2[(x-¢)/(c—a)", Tforb=x=c
0 for x > c.

Graphical representation of a Z-shaped function has been
depicted in Fig. 3. The process of fitting the actual impacts to the
functions is described in Section 4.2. Various FMFs are now intro-
duced as below:
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Fig. 4. Concentration and Dilation operators.

4.1.1. FMF Ux(x) for number of seeds per fruit

1
5 for x <1
1—2[(x—1)/1000] for 1 <x <501
Ua ) = 2 for 501 1001 (2)
2[(x-1001)/1000] " 1or <X=
0 for x > 1001

4.1.2. FMF Ug(x) for annual seed production per m?

_x)2 for 0 <x < 10000
(10000 8x) 075 <
8 x 10
(100000 — x)2
Up () = 200 %% for 10000 < x < 100000
(10 x 10° —x)°
zm for 100000 < x < 10 x 10°
0 for x > 10 x 10°

(3)

4.1.3. FMF Uc(x) for viability of seeds in months
1 for x <3
1-2 [(x—3)?/2376060]  for 3 <x <602
Uc(x)= 2
2 [(1200 —X) /1028572] for 602 <x <1200

0 for x> 1200

4.1.4. FMF Up(x) for long distance dispersal strength

1_2[)(2/160} for 0<x <2

0.95-2[(x-2)?/60] for 2<x <5 (5)
2[(10_)()2/77] for 5<x<10

Up(x) =

Data for long distance dispersal strength of plant species are
represented in ten point scale where point 0 denotes the lowest
dispersal strength and point 10 the highest dispersal strength.

Fuzzy set for each parameter has been defined using their FMF’s
as below:



H.O.W. Peiris et al. / Applied Soft Computing 59 (2017) 326-339 329

09

08

07

o
@
T

Membership values
o o
S »
T T

01

- Ug(xj .

---- Concentration

€00 €0 1000 1200

Number ofseedsper fruit

Fig. 5. Concentration of the Membership function for Seeds per fruit (SF).

09

osfF \

o

~
T
—

%03- \

= \
-gos- \
Eo.a— \
=

o
w
T
_//

0.1 \

— Us(x) i

--=- Concentration 4

N

| I 1 1

600 €00 1000 1200

Viahility of'seeds (in months)

Fig. 6. Concentration of the Membership function for Viability of seeds (VIA).

Fuzzy set A for number of seeds per fruit:
A={(xUa(x)Ix € R, Us(x) € [0,1]} .

Fuzzy set B for annual seed rain per m?:
B={(xUp(x))Ix € R, Up(x) € [0,1]} .

Fuzzy set C for viability of seeds in months:

C={(x Uc(x)Ix € R, Uc(x) € [0,1]}.

Fuzzy set D for long distance dispersal strength:

D={(xUp(x)Ix € R,Up(x) € [0,1]}.

(6)

(9)

4.2. Setting up the model

Dispersal risk of plant species has been generated by the sub
model developed by aggregating the fuzzified dispersal related
parameters. For this purpose, several parametric fuzzy set theo-
retic operators such as intersection and union of fuzzy sets [6,16]
have been considered. In this study, the parametric operators;
Hamacher, Yager and Dombi which allow for cumulative effects,
interactions, and compensations between criteria are considered.
The reason for introducing compensations, interactions in the
aggregation process can be explained as below:

It is not realistic to assume that a species with extremely high
viability of seeds has potential to become more invasive. Obviously,
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Table 1
Comparison of Dispersal risk levels.

Invasive species Dispersal Risk Level Dispersal Risk

(Sub Model) Level (NRA)

Alternanthera philoxeroides Low Low
Clidemia hirta High High
Miconia calvescens Extremely High Very High
Alstonia macrophylla Very High Medium
Annona glabra Very Low Medium
Clusia rosea Medium Medium
Dillenia suffructicosa Very Low Medium
Ageratina riparia High Medium
Mimosa invisa High Very High
Myroxylon balsamum Medium Medium
Tithonia diversiflora Low Medium
Mikania micrantha High Medium
Prosopis juliflora High High

Ulex europaeus Medium High
Mimosa pigra High Very High
Chromolaena odorata High High
Parthenium hysterophorus High Medium
Lantana camara Medium Medium
Imperata cylindrica High High
Opuntia stricta High Very High
Colubrina asiatica Low Medium
Pennisetum polystachion High Medium
Sphagneticola trilobata Low Medium
Zizphus mauritiana Very Low Low
Eichhornia crassipes High Very High
Pistia stratiotes High Medium
Leucaena leucocephala Medium Medium

the effect of high viability of seeds can be amplified by the presence
of increase of annual seed rain and long distance dispersal strength
with above moderate level or the effect can be compensated by
low annual seed rain and moderate level of long distance dispersal
strength.

The model using Hamacher t-norm operator showed significant
results than that of the other operators which has been presented
in the latter part of this section.

Hamacher t-norm operator defines the intersection of two fuzzy
sets A and B by

Ua(x) - Up(x) 0
1—p)[Ua(x) + Up(x) — Ua(x)Up(x)] ~ ~

Un) =5t

e The dispersal related risk has been generated using the above
Hamacher t-norm operator by intersecting four fuzzy sets (Egs.
(6)-(9)). In order to develop the model, data of 27 invasive plant
species have been used as test data. These values were compared
with NRA scores related to the relevant factors. In the compari-
son process, the membership functions have been modified using
concentration and dilation operators until the scores become
more likely to NRA scores.

One may note that these Concentration and Dilation operators
can simply upgrade or downgrade the importance of the fuzzy sets.

The operator concentration reduces the grade of membership of
all the elements of a fuzzy set that are only partly in the set. This
is done in such a way that the less an element is in the set, the
more its grade of membership is reduced (see Fig. 4.)[7,19,20]. The
concentration of a fuzzy set A has been denoted by CON (A) and may
be expressed as

UCON(A)(X) = UX(X) a<l1. (11)

Dilation is the opposite of concentration. A fuzzy set is dilated by
increasing the grade of membership of all elements that are partly

in the set. The dilation of a fuzzy set A has been denoted by DIL(A)
and may be expressed as

UDID(A)(X) = UX(X) a<l1. (12)

In this kind of real world problems, it is not realistic to assume
that each parameter has the same importance. As such, let us sup-
pose that the annual seed rain is the better predictor of dispersal
risk, while the importance of viability of seeds to be downgraded.
Therefore, it is worth to introduce concentration and dilation oper-
ators in the aggregation process.

¢ The modified membership functions with concentrations and
dilations are defined in Egs. (2)-(5). Our aim is to investigate
whether these modified membership functions fit well with plant
categories having different levels of dispersal status. Therefore
the model consists the following categories:

Category I: A plant whose SF<200.

The membership function SF concentrates as Ug(x) and Ux(x) is
replaced by U§(x)

Fig. 5 depicts the membership function of SF and its con-
centration. The important part of the domain of concentrated
membership function is between 0 and 200 (in months).

Category II: A plant whose ASR <20000 and VIA<10yrs and
SF<200.

The membership function of SFdilates as Ug(x) and membership
function of VIA concentrate as UZ3-5(x) (see Fig. 6.) and Uy(x) and
Uc(x) are replaced by U§(x), UZ3-3(x) respectively.

Membership function of VIA with concentration is depicted in
Fig. 6. One may note that the domain of concentrated membership
function is between 0 and 120 (in months).

Category III: A plant whose ASR >100000 and SF>100.

The membership function of SF dilates as U$-> (x) and Up(x) is
replaced by U3 (x).

Category IV: A plant does not belong to any of the above cate-
gory.

Use the original fuzzy sets Egs. (6)-(9).

4.3. Transforming numerical scores into risk levels

It is mentioned earlier that the output of the sub model need
to be in the form of linguistic terms in order to convert the “Dis-
persal” factor into a qualitative/linguistic parameter. Therefore the
numerical values of the output are to be transformed into linguistic
terms as follows:

One may see that the final value decreases from one to zero
when we consider the intersection of fuzzy sets in the sub model.
Therefore, in order to have the compatibility with linguistic terms,
the compliment of the final value of the sub model U@H(x) has been
considered as the final output.

Note that the value ofU@H(x) isin between zero and one. Now the
aim is to define a transformation function which maps the numer-
ical value to one of the linguistic labels in the set which has been
defined in Fig. 4. The Numerical-Linguistic transformation function
for a given numerical value can be explained as follows [9]:

Definition 2 (/9]). Let q € [0, 1] be a numerical value and [; be a
label verifying that h(q, ;) = min {h(q, l) |Vl € L}, with

c if q ¢ Supp (le),

S (a-G)” if g e Supp (I).

where c is the cardinality of the characteristic function set G; and
Supp () refer the support of a given membership function. The char-
acteristic function set G; consists of three functions which generate

h(g, 1) = (13)
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Table 2
Validation results of sub model.
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Category of species Invasive species

Dispersal Risk Level (Sub Model) Dispersal Risk Level (NRA)

Invasive Austroeupatorium inulifolium Medium Medium
Panicum maximum Low Medium
Cuscuta campestris Low Medium
Pueraria montana Low Low
Acacia mearnsii High High
Myrica faya Medium Low
Non Invasive Cassia fistula Low Low
Cissus rotundifolia Low Low
Hedychium gardnerianum Unlikely Very Low
Magnefera indica Very Low Low
1 1 1
\ — \
0 03 x 0 0.5 x 0 05 %
“Most” “At Least Half” “Mean”

Fig. 7. Fuzzy linguistic quantifiers.

crisp values summarizing the information of a given fuzzy number
[10].

In this task, three characteristic functions have been used by
setting the cardinality, c=3 to evaluate the label /;. The three char-
acteristics functions G;s are mentioned below [9]:

1. Gy (I;)- It is the method of Center of Gravity. This method
summarizes the meaning of a label /; into a numerical value as:

I, Viy, (v)dv
fv 1y, (v)dv

For triangular fuzzy number, the function Gp(l;) may be
expressed as

G1 (k)= (14)

X1, if X1 =x=x3
G=1 27 2 4 x5 — ik, otherwise (1)
3(x3 —x1)
2. G (I;)- This is the method of value of a fuzzy number
1
Gy () = / S(r) (Lys, (1) + Ry, (1)) dr (16)

0

where Ly(r), Ry(r) are the r-cut representations of ys; and s(r) is a
reducing function.

The simplified form may be expressed by using triangular fuzzy
membership function and taking s(r)=r as

Go(lj) =X+ [(x3 —x2) — (X2 — X1)] /6 (17)

3.G3 (I;)- which is the method of Maximum value

Let us consider the given label as [;, with a membership function,
Hys, = (v),v € V=0, 1]. The height is defined as

height(l;) = Sup { s (v), Vv }.

Using height(l;), the function may be expressed as

Gs(l) = max{vasl_(v): height(L;) } (18)

Using Definition 2, the dispersal risk values and NRA score
related to dispersal related factors have been converted into lin-
guistic labels.

For example, if the dispersal risk value is g =0.62, then the rep-
resentative linguistic label is “High” where

min {h(0.62,U), h(0.62, VL), h(0.62, L), h(0.62, M),

h(0.62, H), h(0.62, VH), h(0.62, EH)}

= min {1.0567, 0.6257, 0.2409, 0.0432, 0.0057, 0.1409, 0.376}
= 0.0057

=h(0.62, H).

4.4. Test results and validation

Table 1 is a comparison of the dispersal risk level derived from
this study with that of NRA for the 27 invasive plant species which
have been used to develop the sub model. The model has been
validated using data of known six invasive and four non invasive
species in Sri Lanka. These results are presented in Table 2.

According to the biological explanations, depth of contribution
of dispersal risk may be different from species to species among
plants. Among the test species considered, there are species such
as Miconia calvescens, Clidemia hirta, Alstonia macrophylla, Mika-
nia micrantha, Prosopis juliflora, Parthenium hysterophorus, which
depend highly on dispersal related risk factors. On the other hand,
species such as Annona glabra, Sphagneticola trilobata, Colubrina
asiatica, Dillenia suffructicosa, Zizipus marutinum, contribute rela-
tively low on dispersal related risk factors. It can be seen that
species Parthenium hysterophorus and Sphagneticola trilobataba
obtain same risk level as in NRA but their contribution toward the
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Table 3
Test results of Model 1.
Invasive species Model NRA
Mean Most At least half

Alternanthera philoxeroides
Clidemia hirta

Miconia calvescens
Alstonia macrophylla
Annona glabra

Clusia rosea

Dillenia suffructicosa
Ageratina riparia
Mimosa invisa
Myroxylon balsamum
Tithonia diversiflora
Mikania micrantha
Prosopis juliflora

Ulex europaeus

Mimosa pigra
Chromolaena odorata
Parthenium hysterophorus
Lantana camara
Imperata cylindrica
Opuntia stricta
Colubrina asiatica
Pennisetum polystachion
Sphagneticola trilobata
Zizphus mauritiana
Eichhornia crassipes
Pistia stratiotes
Leucaena leucocephala

TTTTXTCITIITTITIITTIZIITICOICTISTR
TRXESTETETERKERTRETTTERSS TR TER
ISSEITTITSITTITIITITITTITITIIRISIT S
STTTEIESTSSTTTEITTISSTSIREERTER

dispersal has been different. Our sub model gives clear discrimina-
tion on the risk level of those species.

The species mentioned in the validation results Table 2, such as
Cuscuta campestris, Pueraria montana, and Panicum maximum give
low contribution on dispersal and our model predict their risk level
effectively, better than in NRA. The non-invasive species are the
species that show low contribution toward the invasive attributes
or invasiveness than the invasive species. It can be clearly seen that
the predictions from the present model is good as our expected
outcome for the non invasive species.

In the next section we present our main model which aggregates
all the linguistic risk factors.

5. Model I

In the previous section, the main factor ‘dispersal’ has been con-
verted to a linguistic variable. Therefore all the main risk factors
including dispersal are linguistic variables. The model has been
designed to aggregate the factors considering their contribution
as equally important towards invasiveness.

5.1. Selecting aggregation operator

The Linguistic Ordered Weighted Averaging (LOWA) operator
has been chosen among the aggregation operators of linguistic
non-weighted information [8]. The LOWA operator is a symbolic
operator with properties such as increasingly monotonous, com-
mutative and “or-and.”

Table 5
Important weights of Main Risk Factors/Sub Risk Factors.

Table 4
Validation results of Model 1.
Category of Invasive species Model NRA
species
Mean Most At least half
Invasive Austroeupatorium M M H M
inulifolium
Panicum maximum M L VH H
Cuscuta campestris M M VH H
Pueraria montana M M VH H
Acacia mearnsii H M H M
Myrica faya M L H M
Non invasive Cassia fistula M L H M
Cissus rotundifolia L L M L
Hedychium L VL M L
gardnerianum
Magnefera indica L L H M

Below we reproduce the Definition 3 as given in the reference
[8].

Definition 3 (/8]). Let A={ay, ..., am} be the set of labels to be
aggregated, then the LOWA operator, ¢, is defined as

d(ar,....am) =W-B =™ {w, b, k=1,..,m}
=wi0bi@(1-wy)o&m! {,Bh,bh,h:l ...,m},

where W = [wyq, ..., wn], is a weighting vector, such that, (i) w; €
[0,1] and, (i) Y wi=1, By =wy/> s Wi, h=2,...,m, and B=
{b1, bm} is a vector associated to A, such that,

B =0(A) = {as(1), .- Qo(ny } in Which, aq(j) < ag(p)¥i < j, with &
being a permutation over the set of labels A. £™ is the convex com-
bination operator of m labels and if m =2, then it is defined as

%-2 {Wi,bi,i=l,2} =W1®Sj®(1 7W1)OS,'=Sk,Si,Sj € S(]Zl)

such that, k = min { T, i + round (w; - (j — i))} , where “round” is
the usual round operation, and by =s;, by =s;.

As mentioned in [8], the weights W represents the concept of
fuzzy majority [14] in the aggregation of LOWA operator using fuzzy
linguistic quantifier [13]. Zadeh suggested that the semantic of a
linguistic quantifier can be captured by using fuzzy subsets for its
representation [12]. To calculate the weights by means of fuzzy
linguistic quantifier, the method proposed by Yager [11] has been
used as in the case of a non-decreasing proportional fuzzy linguistic
quantifier Q which may be given as below:

wi=Q (i/n) —Q ((i-1)/n),i=1,..,n,

where the membership function of Q is:

0 if r<a,
Q(i/n) =4 (r—a)/(b—a) ifa<r<b, (19)
1 if r>b.

with a, b, r € [0, 1]. Some examples of quantifiers which have
been used in this work are shown in Fig. 7, where the parameters,
(a, b) are (0.3,0.8), (0, 0.5) and (0.5, 1), respectively.

Important Weight of Main Risk Factor ~ Main Risk Factor

Sub Risk factor Weights of Sub Risk Factor

Very High Dispersal (DIS)

Very High Vegetative Reproduction strength (VRS)
Medium Seed germination requirement level (SGR)
High Man’s influence on spreading (MIS)

Natural & Man made disturbances(NMD) Medium
High potential to spread by human activities(tHA)  High
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The membership function of Q for “Mean” quantifier is different
from other quantifiers as it is a pure averaging quantifier [11]

w; = %, foralli=1,...,n,

and then we have

Qnean(K) = 5K =1, (20)

5.2. Setting up model |

First of all the linguistic information for the main risk factor
“Man’s influence on spreading” has been obtained by aggregat-
ing its two sub risk factors using LOWA operator. For this purpose
“Mean” fuzzy quantifier guider is used. The invasion risk level of
plant species due to the four main risk factors has been obtained by
aggregating the linguistic information of each factor using LOWA
operator. The risk levels of same set of invasive plant species used
in Section 4.4 under different types of fuzzy linguistic quantifiers
are obtained. The set of seven linguistic terms set depicted in Fig. 2.
has been considered as the risk labels of the final outcome of the
model.

For example, consider the weighting vector obtained for the
aggregation using “Most” quantifier guider with the pair (0.3, 0.8)
is,

w = [0, 0.4,0.5,0.1] where

wi =Q(1/4) - Q(0/4) = Q(0.25) = 0,

w2 = Q(2/4) - Q(1/4) = Q(0.5) - Q(0.25) = 22— 0 ~0=0.4,
ws = Q(3/4) - Q2/4) = ¢ 2 (0.5 =09 -0.4=0.5,

and wy=Q(1)-Q(3/4)=1-Q(0.5)=1-0.9=0.1.

Let us consider the invasive species Annona glabra with perfor-
mance values of (M, VL, M, M) for the main risk factors DIS, VRS,
SGR, MIS respectively. The aggregate invasion risk of Annona glabra
has been evaluated using the LOWA with above weighting vector
as follows:

By preparing the performance values in descending order we
have

(M, M, M, VL)
First consider the pair M and VL. Appling LOWA

. 0.5
I<2=m1n{6,1+r(ﬁx2)}=M

For the pair M and M

I<3=min{6,3+r(0]%4 xO)}:M

For the last pair

(Herej=3 andi=1)

(Herej=3 andi=3)

ky=min{6,3+r(0x0)} =M (Herej=3 andi=3)

Then the aggregate risk of the Annona glabra under “Most” quan-
tifier guider is the level- Medium.

Note that, the performance value of the main risk factor ‘Man’s
influence on spreading’ has been evaluated using LOWA operator
with ‘Mean’ quantifier guider prior to the above calculation.

Likewise the aggregate risks of species are obtained under dif-
ferent quantifier guiders. These results are compared with the NRA
risk level. The NRA risk level has been obtained by converting the
NRA score related to eight risk factors using Definition 2. These
results are shown in Table 3. The model was also validated using
known invasive and non invasive species in Sri Lanka and are pre-
sented in Table 4.

5.3. Discussion — results of Model I

According to Table 3, it can be seen that the risk levels of most of
the invasive species obtained from the model are compatible with
the NRA risk level if the quantifier guider is “Mean”. In that case,
species predicted risk levels of Alternanthera philoxeroides, Annona
glabra, and Dillenia suffructicosa, are one level behind the NRA risk
level. From results of Table 3 we can see that most suitable quan-
tifier guider is “Mean” and therefore in the validation process, this
aspect needs to be considered.

The species in Table 4 such as Panicum maximum, Cuscuta
campestris and Pueraria montana show the similar behavior in
“Mean” quantifier guider. One may note that the non invasive
species Cassia fistula has taken the risk level “Medium” which is
same as NRA. Practically, we expected a lower risk level to these
species. On the other hand, for the species Magnefera indica, model
gives a risk level of “Low” compared to risk level of “Medium” as
in NRA. However, our model gives better predictions on non inva-
sive species with “Most” quantifier guider but majority of species
in Tables 3 and 4 comply with the “Mean” quantifier guider. There
may be several facts which effect the incompatibility of the out-
comes of two different methods (model and NRA). One reason was
that our model attempted to mimic the uncertainty of the parame-
ters while NRA did not follow such a mechanism. The other reason
may be the fact that, risk factors have been considered as equally
important to invasion risk. But in real situations these factors of
plants have different important weights to the invasion risk.

In next section, we present Model Il considering the parameters
with different important weights.

6. Model Il

Here we model the invasion risk by aggregating the linguistic
information of the main risk factors and sub factors which are not
equally important. As to Fig. 1, the main risk factors; dispersal, veg-
etative reproduction strength, seed germination requirement level
and man’s influence on spreading were the linguistic parameters of
the model. The risk factors under the dispersal are not considered
for assigning weights because their aggregation are incorporated
through the sub model as mentioned in section 4.

6.1. Important weights of risk factors

The weights for the four main risk factors and two sub factors
of the risk factor on ‘man’s influence on spreading’ are given by a
group of three plant science experts. For this evaluation the seven
labels presented in Fig. 2 are considered as,

S= {so =U,s;y=VL,sy=L,s3=M,5s4=H,ss =VH, sg =EH}.

Table 5 presents the weights obtained for each linguistic param-
eter.

6.2. Aggregation of weighted factors

In this section, we present the development of the model by
using proper aggregation operator which is capable of dealing
with weighted parameters. It may be noted that as in Table 5, the
important weights of model parameters are linguistic values. When
aggregating weighted information, one may need to consider two
aggregations as follows [8]:

¢ the aggregation of important weights of model parameters
¢ the aggregation of weighted information

In literature we can find several aggregation operators that sat-
isfy the above aspects [11,13]. Among them, Linguistic Weighted
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Averaging operator (LWA) has been chosen and is reproduced here
from [11].

Definition4. |[11]: the aggregation of the set of weighted individ-
ual opinions,

{(W1, a1), ..., (Wn, a,,)} , according to the Linguistic Weighted
Averaging operator (LWA) operator is defined as

(Wg, ag) = LWA[(w1,a1), ..., (Wn, an)],

where the important weights of the group opinion, wg, is obtained
as

WE = ¢q (W1, ..., Wn).

and, the opinion of the group, ag, is obtained as

ag =f[g(wi,a1), ..., g (Wn, an)],

where f=¢gand g e {LC{,1C5,LC3 }.

Here LC™ is a linguistic conjunction function which is a mono-
tonically non decreasing in the weights and satisfy the properties
required for any transformation function g.

In this work classical MIN operator has been selected as the most
appropriate transformation function. The classical MIN operator can
be stated as follows [11]:

LCy” (w, a) = MIN (w, a)

6.3. Setting up Model I

First of all, the linguistic information for the main risk factor
“Man’s influence on spreading” has been obtained by aggregat-
ing two weighted sub risk factors related to this factor using LWA
operator as defined in the previous sub section 6.2. Here “Mean”
fuzzy quantifier guider is considered. The invasive risk level of plant
species due to the four weighted main risk factors is obtained by
aggregating the linguistic information of each attribute using LWA
operator. The risk levels of same set of invasive plant species which
has been used in Model I are obtained under different types of fuzzy
linguistic quantifiers.

For example, consider the weighting vector obtained for
the aggregation using “At least half’ quantifier guider with the
pair(0, 0.5),

w =[0.5,0.5,0,0], where

wy =Q(1/4)-Q(0/4)=Q(0.25)=0.5, since 0 <0.25<0.5,
wy = Q(2/4) — Q(1/4) = Q(0.5) — Q(0.25) =1 — 0.5 = 0.5,

w3 =ws =0

Let us consider the invasive species Clidemia hirta with perfor-
mance values of (H, VL, M, M) for the attributes DIS, VRS, SGR, and
MIS with their important weights (VH, VH, M, H) as givenin Table 5.
The performance values of the main risk factors DIS, VRS, SGR and
MIS with respect to the important weight may be represented as
follows:

((VH, H), (VH, VL), (M, M), (H, M)).

The aggregate invasion risk of Clidemia hirta is therefore evalu-
ated using the LWA with above weighting vector as follows:

¢ (min (VH, H), min (VH, VL), min (M, M), min (H, M))

(Here the classical min operator has been used for the transfor-
mation function in the LWA operator.)

= ¢(H, VL, M, M)

By preparing the performance values (after the weighting) in
descending order we have

(H,M, M, VL)

First consider the pair (M, VL).

k2=rr1in{6,1+r(%x2)}=VL

For the second pair (M,VL)

. 0.5
k3=m1n{6,1+r(ﬁx2)}=M

For the last pair (H,M)

k4:min{6,3+r(¥xl)}:H

Then the aggregate risk of the Clidemia hirta under “At least half”
quantifier guider is High.

We may note that the performance value of the main risk fac-
tor ‘Man’s influence on spreading’ has been evaluated using LWA
operator with ‘Mean’ quantifier guider prior to the above calcu-
lation. For example, consider the same species Clidemia hirta with
performance values of (H, M) for the risk factors HA, NMD with their
important weights (H, M).

The aggregate risk of MIS on Clidemia hirta is therefore evaluated
using the LWA with above weighting vector as follows:

(Herej=3andi=1)

(Herej=3andi=1)

(Herej=4and i=3)

¢ (min (H, H), min (M, M))

(Here classical Min operator has been used for the transforma-
tion function in the LWA operator.)

=¢(H, M)

By preparing the performance values (after the weighting) in
descending order we have

(H, M)

For the pair (H, M),

ky=min{6,3+r (%2 x1)} =H (Here j=4, i=3 and
Wi=Wwy = 05)

Likewise the aggregate risks of species are obtained under dif-
ferent quantifier guiders.

After analyzing the results, the model is divided into three cases
as below:

Case I. If g(DIS) > Neg (g (VRP)) then aggregate the weighted
parameters using LWA with “Mean” quantifier guider otherwise
use “At least half’ as the quantifier guider. Note that in either case
at least one linguistic value of g(DIS) /g(VRP)should be greater
than or equal to the label “Medium”.

Casell. Ifg(DIS) = High & (g(VRP) = Medium or Low) & g(SG)
Medium then aggregate the weighted parameters using LWA with
“At least half” quantifier guider.

Caselll. If the linguistic value g(DIS) & g(VRP)less than or equal
to the label “Low” then aggregate the weighted parameters using
LWA with “Most” quantifier guider.

Considering these cases, the test results and validation results
are presented in Tables 6 and 7 respectively.

In the process of developing this model, we have tried to main-
tain the risk levels of species used as test data in order to be
compatible with NRA risk levels. The reason was that the NRA risk
levels for plant species have been obtained through consultation
with experienced plant scientists.
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Table 6 Table 8
Test results of Model II. Order inducing values of important weights of Main Risk Factors.
Invasive species Model II NRA Main Risk Factor Important weights (I;) sup; u;
Alternanthera philoxeroides High High DIS Very High 3 4
Clidemia hirta High High VRS Very High 3 4
Miconia calvescens High High SGR Medium 2 2.5
Alstonia macrophylla Medium Medium MIS High 4 4
Annona glabra Medium Medium
Clusia rosea Medium Medium
Dillenia suffructicosa Medium Medium to model the invasion risk. This is an attempt to see whether the
Ageratina riparia Medium Medium Model Il works well even with the shortcomings of LWA operator.
Mimosa invisa High High . . ..
Myroxylon balsamum Medium Medium Below we reproduce the definition of the weighted majority
Tithonia diversiflora Low Medium guided linguistic IOWA operator as in [17].
Mikania micrantha High High . . . .
Prosopis juliflora High High Definition 5. [17]: A weighted MLIOWA operator of dimension n
Ulex europaeus Medium Medium is a function (D’Q (SxS)' =S,
Mimosa pigra High High
Chromolaena odorata High High defined according to the expression
Parthenium hysterophorus High High
Lantana camara Medium Medium @{l ((I1,p1)s -y Un, Pn)) = Do ((u1, P1) s --., (Un, Pn))
Imperata cylindrica High Very High . .
Opuntia stricta High High in which
Colubrina asiatica Medium Medium 1. The order inducing values are obtained from the linguistic
Pennisetum polystachion Medium Medium importance degrees associated with the values to be aggregated as
Sphagneticola trilobata Medium Medium
Zizphus mauritiana Low Low
Eichhornia crassipes High High sup; + ind(I,-) .
Pistia stratiotes High High up = - 3 with
Leucaena leucocephala Medium Medium
n
Lable s sup =Y supisup = { 1 if Jind(l;) — ind([})| < o
Validation results of Model II. i i1 j o 0 otherwise
Category of species _ Invasive species Model Il NRA where ; the linguisticimportance degree of the value p; to be aggre-
Invasive Austroeupatorium inulifolium Medium Medium gated.
Panicum maximum High High 2. The weighting vector is therefore obtained as
Cuscuta campestris High High
Pueraria montana High High n
Acacia mearnsii Medium Medium w; =Q (ua(i)) /ZQ (@) )
Myrica faya Medium Medium ! n n
Non invasive Cassia fistula Low Medium j=1
Cissus rotundifolia Low Low . . . . . . o
Hedychium gardnerianum Low Low Considering the important weights associated with main risk
Magnefera indica Low Medium factors/subriskfactors givenin Table 5 and the linguistic quantifiers

6.4. Discussion — results of Model Il

According to Table 6, it may clearly be seen that, the risk level of
most of the plant species obtained from the model were compatible
with NRA risk level except for the species Tithonia diversiflora and
Imperata cylindrica.

One may also see that the discrimination occurred in the Model
I have been solved in Model II. For example, species Alternan-
thera philoxeroides, and Dillenia suffructicosa, predicted risk levels
in Model I are different to that of NRA risk level under each lin-
guistic quantifier. But in Model II these levels have become the
same as in NRA. Similarly, for the species Panicum maximum, Cus-
cuta campestris and Pueraria montana in Table 5, the risk levels of
these species can be better compared to Model I as given in Table 7.
Moreover, Model Il maintains the risk level of non invasive species
at “Low”. This fact gives a clear idea of the efficiency of Model II
compared to the risk assessment methods used for assessing risk
of invasive plant species.

7. Setting up Model III

As mentioned in literature [17,18], the IOWA operator was
developed to overcome the problems of the majority guided OWA
operator. Since the Model Il accompanied with LWA operator, the
weighted majority guided linguistic IOWA operator has been used

“Most” and “At least half” defined by the parameters (0.3,0.8), (0,0.5)
respectively, the risk levels of same set of invasive species as in
Table 6 are obtained using weighted MLIOWA operator with ac=1.
The results of order inducing values for main risk factors are shown
in Table 8.

The weighting vector obtained for the aggregation using most
quantiﬁelt') guide1r is

; 11
w= (%82, 765> 565> 365) - Where for example,
n

Let us consider the invasive species Clidemia hirta with perfor-
mance values of (H, VL, M, H) for the main risk factors DIS, VRS, SGR,
MIS respectively. The aggregate invasion risk of Clidemia hirta has
been evaluated using the weighted MLIOWA with above weighting
vector as follows:

@l ((VH, H), (VH, VL), (M, M), (H, H))

0.65 1 1 1
:round(B*%+l*ﬁ+4*%+4*%>

= round(3) = 3 = M = Medium.



336 H.O.W. Peiris et al. / Applied Soft Computing 59 (2017) 326-339

Table 9
Test results of Model II1.
Invasive species Model 11 NRA
Most At Least Half
Alternanthera philoxeroides High High High
Clidemia hirta Medium Medium High
Miconia calvescens High High High
Alstonia macrophylla Medium Medium Medium
Annona glabra Low Medium Medium
Clusia rosea Low Medium Medium
Dillenia suffructicosa Medium Medium Medium
Ageratina riparia High High Medium
Mimosa invisa Medium Medium High
Myroxylon balsamum Medium Medium Medium
Tithonia diversiflora Medium Medium Medium
Mikania micrantha High High High
Prosopis juliflora Medium High High
Ulex europaeus Low Medium Medium
Mimosa pigra Medium Medium High
Chromolaena odorata Medium High High
Parthenium hysterophorus High High High
Lantana camara Medium Medium Medium
Imperata cylindrica High High Very High
Opuntia stricta Medium Medium High
Colubrina asiatica Medium Medium Medium
Pennisetum polystachion High High Medium
Sphagneticola trilobata Medium Medium Medium
Zizphus mauritiana Low Low Low
Eichhornia crassipes High High High
Pistia stratiotes High High High
Leucaena leucocephala Medium Medium Medium
Table 10
Validation results of Model III.
Category of Invasive species Model III NRA
species
Most At Least
Half
Invasive Austroeupatorium Medium  Medium Medium
inulifolium
Panicum maximum Medium  Medium High
Cuscuta campestris Medium  High High
Pueraria montana High High High
Acacia mearnsii High Medium Medium
Mpyrica faya Medium  Medium Medium
Non invasive Cassia fistula Medium  Medium Medium
Cissus rotundifolia Medium  Low Low
Hedychium Low Low Low
gardnerianum
Magnefera indica Low Medium Medium

Likewise the aggregate risk for the same set of invasive alien
plant species (Table 6) are obtained using weighted MLIOWA for
two different linguistic quantifiers such as “Most” and “At least
half’ separately. Here we considered only two distinct linguistic
quantifier guiders since the weighting vector obtained with “Mean”
quantifier guider is same as the weighting vector obtained from “At
least half” guider. The results are shown in Table 9. Furthermore, the
model has been validated using same set of species in Table 7 and
the results are displayed in Table 10.

Note that the order inducing values for the important weights of
sub factors (HA and NMD) of main factor MIS have been calculated
using “Most” linguistic quantifier and evaluated the performance
values of each species on MIS using the weighted MLIOWA operator
prior to the main aggregation.

7.1. Discussion — results of Model IIl

According to Table 9, it can be clearly seen that the approxi-
mate risk levels of invasive species from Model III with at least

half linguistic quantifier guider are same as the NRA risk levels for
the species Clidemia hirta, Ageratina riparia, Mimosa invisa, Mimosa
pigra, Imperata cylindrica, Opuntia stricta, and Pennisetum polysta-
chion.

Unlike in the Model II, there was no specific pattern to divide
the model logically into cases considering the performance val-
ues of attributes and linguistic quantifiers, in order to present the
results of the model more informative. One may conclude that at
least half linguistic quantifier guider was the most appropriate one
for the Model III. The validation results in Table 10 justify the above
conclusion. But this model does not provide significant results for
non-invasive species. In reality we expect low risk levels for this
species category and the NRA tool also has not been able to tackle
this matter. For example, non-invasive species such as Cassia fistula
and Magnefera indica show Medium risk in Model III (at least half
quantifier) as well as in NRA. One may see that the validation of
Model II clearly distinguish the risk of invasive and non-invasive
species than that of Model I and IIL

8. Advantages and drawbacks

In this study, three models have been developed to evaluate the
invasion risk of plant species. Among them, we have clearly jus-
tified that the Model II is a better tracking system to identify the
potential invaders by the conventional risk assessment methods.
In conventional risk assessment method, a group of expertise is
always required to make judgments and it is often manually con-
ducted. The main advantage of this model is that the single user
can make prediction on a particular species if data are available for
the parameters.

The main drawback of the method is that it strongly depends
on the availability of precise data which could be derived through
research and most of the data for the model parameters are approx-
imations or linguistic recommendations. The other reason was the
reluctance of some experts to integrate mathematical concepts into
their judgments even though the linguistic recommendations may
provide a precise way of data conversion.

9. Conclusion

In this paper, three models with linguistic inputs and outputs
have been constructed to assess the risk of IAS. We have used fuzzy
linguistic aggregation operators to build up the models. Here the
risk factors have been considered as equally important to invasive-
ness in Model I and unequally important in Model II. The experts’
group decision has been taken to weight the risk factors in Model
I. The Model III has been developed using more sophisticated lin-
guistic aggregation operator than that in Model II to observe the
well-fit model.

The proposed models give better prediction of risks of invasive
alien plant species when the invasion is dominated by invasive
attributes. It is also worth mentioning that Model II has produced
significant improved results in comparison to Model I and Model
III. Also it gives better prediction than the manually employed risk
assessment method. The models need to be further modified by
incorporating more parameters other than invasive attributes such
as ecology, establishment, and management aspects to evaluate
overall invasion risk of invaders. But the limited amount of avail-
able data on those factors set serious constraints to the evaluation
of overall risk of IAS.

On the other hand, the methods that have been used in these
models are based on type-1 fuzzy sets. In future we hope to extend
this study using type-2 fuzzy sets since it is a sophisticated tool to
capture the uncertainty in linguistic recommendations than type-1
fuzzy sets.
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Appendix A.
INVASIVE ALIEN SPECIES

Owing to the increasing travel, trade, and tourism associated
with globalization and expansion of the human population have
facilitated intentional and unintentional movement of species
beyond natural biogeographically barriers. As such, many of these
species have become invasive and continue to invade new regions
at an unprecedented rate, exerting strong impacts on biodiversity
and human welfare [23].

Populations of Invasive alien species can self-sustain and spread
over large areas through production of offspring at considerable
distances from the parent plants, as they have efficient reproductive
and dispersal mechanisms [1].

IAS can change the community structure and species compo-
sition of native ecosystems directly by out-competing indigenous
species for resources. It may also have important indirect effects
through changes in nutrient cycling, ecosystem function and eco-
logical relationships between native species. Such changes alter the
flow, availability and quality of nutrient resources in biochemical
cycles, which in turn modify food webs [24]. In aquatic ecosystems,
dense mats of free floating invaders such as water hyacinth are
often quoted as resulting in the deterioration of aquatic biodiversity
and changes to water chemistry and oxygen levels. Furthermore
aggregate effects of multiple invasive species can have large and
complex impacts in an ecosystem such as altering the evolutionary
pathway of native species by competitive exclusion, niche displace-
ment, hybridization predation, and ultimately extinction [1].

IAS can be invaded in almost every ecosystem type on Earth,
even in agricultural areas. In terms of economic, the costs of inva-

Table 11
Some important facts on invasive species used as test data (a).
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sive alien species are significant. Total annual costs, including losses
to crops, pastures and forests, as well as environmental damages
and control costs, have been conservatively estimated to be a large
amount [1].

In this regard it is very important to understand how species
become invasive. Predicting invasive behavior is a very difficult
task. Nevertheless, one way is to estimate their invasive poten-
tial of inherited characteristics such as rapid growth and maturity;
prolific seed production; highly successful seed dispersal, germi-
nation and colonization; aggressive vegetative spread; ability to
out-compete native species; high cost to remove or control etc [26].
However different types of characteristics may dominate under dif-
ferent climatic conditions. Hence lists of invasive alien species from
one country may be different from another.

IAS are particularly important to Sri Lanka as the country is a
geographically separated island with greater diversity of habitats,
high levels of species endemism and for the highly threatened sta-
tus of some endemic species and their habitats. On the other hand,
open economic policies facilitating international trade, travel and
transportation encourage many species introductions [25] which
might be a threat if they will not be introduced without check-
ing of their potential invasive status. Government of Sri Lanka
has been highly concerned on managing the already established
alien invaders and controlling the introduction of potential inva-
sive species to the country over the last two decades. All biological
material brought into the country is released only when the specific
quarantine period is over for diseases and pest checks [27]. How-
ever, steps are being taken to identify potential invaders in addition
to the quarantine screening procedure conducted at the time of
introduction of species introductions in line with the international
standards.

Appendix B.

Here we provide some important facts on twenty seven inva-
sive species which have been used to develop the three models
(Tables 11-13) [21,22].

Species Distribution in Sri Habit Means of spread Annual seed Method of Impact on ecosystems
Lanka rain per m? dispersal
Ageratina riparia montane zone herb by seeds 100000 wind, water, forms dense stands, produce toxins and
animals, vehicles affect establishment of other plants
and machinery
Alternanthera up- low-country herb propagate through 2000 water form dense mats with a massive
philoxeroides. wet zones stem, root buds, seeds underground root system. Competes
with pasture species.
Annona glabra lowland wet zone tree by suckers and seeds 1000 water, animals (e.g. form thickets and provide excessive
marshlands large birds and shade. Reduce capacity of water
feral pigs) storage in marshlands.
Chromolaena island-wide herb by seeds and when 260,000 water, animals, forms dense thickets, exude chemicals
odorata contamination of stem garden wastes, toxic to other plants.
with soil machinery
Clidemia hirta lowland wet zone shrub by seeds 1000000 animals exude toxins that inhibit growth of
others species, forms dense stands.
Clusia rosea sub-montane zone tree by seeds, suckers 20000 birds form dense stands and shade out.
Colubrina asiatiica island-wide spreading by seeds and rooting 5000 birds produce a thick shade inhibiting
shrub branches and germination of other seeds.
resprouting stems
Dillenia low-country wet shrub by seeds, stem cutting 1000 birds form dense thickets, create shade and
suffructicosa zone suppress growth and germination of
other plants.
Eichhornia crassipes  island-wide free floating by seeds, offshoots 100 water form dense floating mats on water
herb inhibiting penetration of light.
Imperata cylindrica  intermediate and herb by seeds and rootstock 200000 wind exude toxic substances that inhibit the

dry zones

growth of other plant species, forms a
ground cover.
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Table 12

Some important facts on invasive species used as test data (b).

H.O.W. Peiris et al. / Applied Soft Computing 59 (2017) 326-339

Species Distribution in Sri ~ Habit Means of spread Annual seed Method of dispersal Impact on ecosystems
Lanka rain per m?
Leucaena wet, dry and tree by seeds and 10000 seeds, small animals forms dense thickets and shade out.
leucocephala intermediate zones vegetative organs (rodents and birds) that
consume fruits
Miconia sub-montane zone small tree by seeds, layering, 15000 birds, wind, water, create deep shade and suppress
calvescens. resprouting vehicles, and other animals growth of other plants.
(i.e. small mammals)
Mikania Island-wide climber by seeds and 10000 wind, animals, flood or smother native vegetation and
micrantha rooting at nodes machinery suppress growth, produces toxins that
inhibit plant growth.
Mimosa invisa lowland wet and spreading spiny by seeds 12000 water, machinery climb over and smother other plants
dry zones shrub shading them.
Mimosa pigra dry and spiny shrub by seeds, suckers 100000 animals, water, clothing form dense stands, interfere with
intermediate zones movements of animals.
Myroxylon wet and tall tree by seeds 20000 wind produce dense stands of young trees
balsamum intermediate zones and shade out.
Opuntia stricta arid zone succulent spiny by seeds, succulent 1000 birds makes the place inaccessible due to
shrub spines and interfere with animal
movements.
Parthenium dry and herb by seeds, root buds 100000 wind, water, animals, forms dense stands, produce toxins and
hysterophorus  intermediate zones machinery affect establishment of other plants.
Table 13
Some important facts on invasive species used as test data (c).
Species Distribution in Sri  Habit Means of spread Annual seed Method of dispersal Impact on ecosystems
Lanka rain per m?
Pennisetum dry and herb by seeds, creeping 2000 wind, water, animals increase the risk of damaging fires,
polystachyon intermediate zones stems that touch forms a thick ground cover.
soil, rootstock
Pistia stratiotes.  island-wide free floating herb by seeds, offshoots water form dense floating mats on water

inhibiting penetration of light.

Prosopis juliflora  arid zone spreading tree by seeds 100000 water, wild animals such as form dense stands, exude toxins and
birds, bats, monkeys suppress growth of other plant species.

Sphagneticola wet and herb by seeds, and stems 10000 garden waste form dense ground cover and inhibit
trilobata intermediate zones germination of native seeds.

Tithonia wet, sub montane  shrub by seeds 12000 wind form dense cover sheltering neighbor
diversiflora and intermediate plants.

zones
Ulex europaeus montane zone spiny shrub by seeds 20000 ants forms impenetrable thickets, interfere
with movement of animals.

Z Zizphus dry zone spreading thorny by seeds, root water, animals forms dense thickets, interfere with

mauritiana shrub or small tree suckers movement of animals.
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