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Abstract: The article presents the possible methods forratérg biological or statistically significant
differences between taxocenoses compared with eespebiodiversity. To obtain a complete descriptiof
biological differences between the compared hygmthlecommunities, the following indices were cditad:

S (taxon richness}l’ (the Shannon indexHmax (the maximum value of the Shannon index for thbrress of taxa
represented by the same number of individuals)(a percentage value of covering the structurahcity of
community, “evenness deficiency’, (the MacArthur index - a taxon numbé&) {n a community for which the
observed value ofl equalsHnay, andPs (a taxon richness shortage in percents). Moreavagraphic profile
method s T;, andL; profiles) was used for comparing the diversitytteé communities. To obtain information
about statistically significant differences in biwefsity between the analysed communities, rariefacturves
were applied. The curves are based on the null lmate the Monte Carlo method. The rarefaction pgkth
resulted in determination of the statistical sigifice of the differences between taxon richnessSirannon’s
index values for the compared communities. Yhand Ps indices and the profile method allowed concluding
about the significance of the biological differesdetween taxocenoses, even when their valuesasfr®h’sH’
indices were numerically similar.

Keywords: biodiversity, Shannon’s index, rarefaction curyasfile method

Introduction

While undertaking the ‘strategy of protection amatianal use of biological diversity’

[1, 2], as well as biomonitoring processes in kacters with activated sludge [3-7] and
surface wateeg [8-12], an ideal solution would be creating coimdis that would ensure
‘control of strategy to be realized’, where the rbaring, ie systematic measurements,
would be carried out and the measurement resultisl de reliably compared. Biodiversity
(biological diversitya, 8, andy) may be evaluated based on the richness of spgoietaxa
selected at own preference [13]. It may also besaesl in terms of the number of taxa and
their relative abundance (or relative biomass,efative coverage degree) by calculating
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Shannon’s index of diversitid’ [14-17], or other biotic indices [18-23]. Whilepplying
methods for description of communities base®@nH’ indices, it is not possible to assess
correctly the biological or statistically significh differences (or absence of such
differences) between compared taxocenoses chdsacteby identical or subjectively
different S and H’ values. Nowadays, there are means to solve thoblem [24-28].

It seems that these methods are not yet widely usethe field of environmental
engineering. Hence, the objective of the presepepds to show them using a simple
example of three hypothetical communities of livorganisms.

Materials and methods

The material used in the investigations comprisede hypothetical communities, two
of which had the sant®values (species richness), but differed with resfetheH’ values
(Shannon’s index). Two exhibited simil&t’ values, but differed in theéS values; the

problem is better illustrated by the fact that theg the same number of individualss 20
(Table 1).

Table 1
Taxonomic-biocenotic characteristics of three higptital communities A, B, and C
Community
Taxa ry B C
S n; n; N
A 4 10 3
B 4 1 6
C 4 3 -
D 4 2 4
E 4 4 7

The formulas presented below were used in measuntsnad comparisons of the
biological diversity of the communities (objectélatacterised [27, 29-34].

The species richne&was established by simply summing all of the tagknging to
the analysed community and the same method wasfoisBid32]:

s=3s M
N=3n @

where:S - species richness, number of taga; distinguished taxon\ - total number of

individuals in the sample (total number of indivadsi in taxocenosis)p; - number of
individuals of thaé™ taxon.

Relative abundances, necessary for calculationhef $hannon index and derived
indices, were determined on the basis of the faligvequation [32]:

= ©

wherell; - relative abundance of th taxon.
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TheH’ Shannon index was calculated on the basis ofdl@wing equation [32, 33]:
S

H' = =) 11, Ig, I, (4)
i=1

whereH’ - Shannon’s index of biodiversity.
The maximum value of the Shannon indék,, [30, 31] was calculated using the
following formula:

H' o =19, S (5)

whereH’ .- maximumH’ value for a given richnes§ which would occur if all taxa were
equally abundant.

The evenness deficiency ind&g was calculated based on the concept presented by
Hurlbert and Magurran [30, 31]:

V, :(1— H JELOO (6)
H max
where Vy - a percentage value of implementation of commumiapacity (evenness
deficiency).
MacArthur’s indexE was calculated according to the following equaf28i:

E=2" )
whereE - species richness of a community, for which theesvedH’ is the H’ ,value.
The proportionality shortage ind®g was calculated based on the concept presented in
[27]:

-(1-E
F’S—(l S]ELOO 8

wherePs - expressed in percent species shortage.

Additionally, a graphic profile method a&f;, T;, andL; was applied to compare the
biodiversity of the communities [32]. The profiles were plotted on the basis of the points
on the coordinate axeg,(As), wherep > —1 andA,; can be described by the following
formula [35, 36]:

= 9
5 ©)

The T; profiles were plotted on the basis of the pointstioe coordinate axes, (T),
wherej = 1, ...,S—1,S andTj is described by the following formula [35, 37]:

S
1_ Hi/;+l
i

S
T, =) T} (forj=S Ts=0;forj =0,To = 1) (10)
i=j+l
where: IT* - relative abundance of th& species, classified into the so-called ranked
relative abundance vectdi®), which covers the relative abundances of all iggeardered
from the greatest to the lowest.
The latter profiles mentioned above theL; profiles, were plotted on the basis of the
points on the coordinate axds ['). Calculations of the coordinates were performasell
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on ranked relative abundance vectdrs IT" of the compared communities, as follows
[38]:
pO = (LOl L,O) = (#010)#,
pr=(Ly, L") = (H}#, ;") .
P2= (Lo L'2) = Lo+ 115 L'y +1157)

Pe= (Lo L) = L+ TIE, Ly +T1F)
Ps=(Ls L'9 = (Lea+ TI, L'gq +T1) = (1,1) (11)

Null models were applied to obtain information abdlie statistically significant
differences between the communities analysed mdesf the taxa richness and diversity.
These models (based on the Monte Carlo method)lerstltistical significance to be
determined even if the sizes of compared sampkesa@rthe sameN; # N, [25, 26]. Eco
Sim 7.0 software [24-26] was used for calculationacerning the analysed communities
A, B, and C, and data required for plotting rarétaccurves.

Results and discussion

Table 2 shows the results of calculations maderdaugpto formulas (1)-(4).

Table 2
Taxa richness, total abundance, and Shannon'’s fiede@ommunities A, B, and C
Community
Index A B C
S 5 5 4
N 20 20 20
H’ 2.322 1.923 1.926

Given the results presented above, it is hardlsiptesto state explicitly whether the
communities compared, especially B and C, vary wagpect to the biological differences.
However, the data presented in Table 3 allow aumngsion that, in the biological sense,
community C is characterised by lower biodiversihan community A, but greater

biodiversity than community B, as

it exhibits a Bw evenness deficiencyy

and a lower species shortaBg This is displayed by the AMOEBA-type graphs [38-4

- Figures 1 and 2.

Table 3
Values ofH’ max Va, E, andPs indices for communities A, B, and C
Community

Index A B C
H’ max 2.323 2.323 2.0

Vy 0.0% 17.2% 3.7%

E 5.0 3.793 3.800

Ps 0.0% 24.2% 5%
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Fig. 2. Values oH’, Sindices and derived indices for communities AaBd C

Figures 3-7 show the results obtained with theilgrafiethod. It should be explained
that theA; profiles plotted for the compared communities shbair ranking according to
three indices: ‘species counfis; = S — 1, Shannon’s index and Simpson’'s index

Ag :1_2Hi2 . If these profiles do not cross each other, allititices used rank the
i=1

compared communities in the same wagygccording to all indices, a given community
X is more diverse than X’). If the profiles cro$se ranks of the communities will depend
on the index applied. Thg profiles have been developed based on the coontaptrinsic
diversity ordering[36]. The mutual position of th& profiles plotted for the compared
communities allow conclusions concerning the isidrdiversity ordering. If the profile of
the X community lies above the profile of the X' nemunity, the X community is
intrinsically more diverse, whereas the X' commurig less diverse. When the profiles
intersect, it is impossible to determine which @& tcommunities compared is more
intrinsically diverse. The profiles are isotonic td; profiles, which means thai; profiles
can inform about the intrinsic diversity orderingtlveen the communities. It should be
remembered, however, that sometimesAh@rofiles may not cross even if tiigprofiles
do. Thel,; profiles are curves, which are also based on timeept of intrinsic diversity
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ordering. While plotting these profiles, the poifdsm curvep. Its position with respect to
the diagonald (with the equationy = X) carries information concerning the intrinsic
diversity ordering between the compared X and Xnhownities. When the curve lies
above the diagonal, community X is intrinsically more diverse than.XVhen the curve
p lies under the diagondl X' is intrinsically more diverse than X. If thaiwe p and the
diagonald overlap, there is no difference in the diversigiviieen the communities. When
the curvep crosses the diagonal it is not possible to state which of the compared
communities is more diverse. It should be notided theT; andL; profiles lead to the same
conclusions. The selection of the type of the pedfas no effect on the final result [32].
Based on the profiles for the analysed communities, taxocenés@sn be regarded
to be more diverse than taxocenoses B and C, wheasacenoses B and C cannot be
compared due to the crossing courses of the psafiy. 3).

5.00
1agH
4.00
——
+B
—tr—C
0.00
= T ‘ - BH

-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50
Fig. 3. TheAg profiles for communities A, B, and C

The T, and L; profiles, similarly to theA; profiles indicate that community A is
characterised by higher biodiversity than commasitB and C (Figs. 4-6). Taxocenoses
B and C are incomparable due to the crossing ofgtghs of the respectivg and L;
profiles (Figs. 4 and 7).

T M —— profile T/ A
= profile T; B

= profile T;C

jH
Fig. 4. TheT; profiles for communities A, B, and C
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Fig. 7. Thel; profile for communities B and C

The methods presented above do not yield judgememtserning the statistical
significance of the differences or confidence inds - the latter indicate the statistical
significance of the differences if they do not dapr Thus, it is not possible to decide about
the significance of the differences between the roomities compared. The problem
discussed may be solved using multiple samplindhod=. With these methods, rarefaction
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curves were obtained for the compared communitieB,Aand C (Figs. 8 and 9). Figure 8
shows that multiple sampling of 4 individuals fra2@ allows determination of the full
number of species in community C; only 5 individulom 20 belonged to community A
(in the upper graph the black dashed curve is coalyp@to red dashed curve). However, to
get the full number of taxa in community B, mulépsampling of 10 individuals is
required. A low number of taxa and individuals ldadcertain ‘angularity’ of the graphs
obtained; this should disappear in the case of mbumdant sampldé > 50.
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Fig. 8. Rarefaction curves of species richnessdonmunities A, B, and C

The H' values calculated with the use of the EcoSim Soiware differ from those
presented in Table 2. This can be explained byfabiethat the EcoSim software calculates
Shannon’s index using a natural logarithm, whike Ibase-2 logarithm is commonly applied in
the theory of computer science. Hence H{@) value is 1.61, anti’(B) andH'(C) equal 1.33.
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Fig. 9. Rarefaction curves of Shannon’s intXor communities A, B and C

Based on the results obtained, it may be presuhadrt the case of Shannon’s species
diversity, taxocenosis A significantly differs froraxocenoses B and C (the confidence
intervals do not overlap - Fig. 9a, b).Taxocend3egnd C do not differ in terms of the
parameter discussed (the confidence intervals awerFig. 9c).

The method of rarefaction presented in the artiale be successfully applied not only
for the number of taxa and Shannon’s diversity x4, 25, 28] but also for evaluation
and analyses of other indices important in ecoldgy. instance, the effective number of
species and, connected with this issue, problemsaafple size, sample numbers, and
sample coverage could be mentioned here [43].
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Conclusions

The following conclusions can be drawn from thelgsia of the results:

* It is possible to express biodiversity quantitdiiyeand after measurements thereof,
taxocenoses and their changes in the time functorbe compared with respect to this
parameter.

» The indices developed, derivatives of thieindex (especially}y andPy), indicate the
significance of the biological differences, evenentat similar values of the Shannon'’s
H’ indices.

» The A; profiles serving the comparison of the values #cies richness, Shannon’s
and Simpson’s indices in the investigated taxocesiosave a basic shortcoming - the
£ values in the denominator of the fraction havepass by 0 value, which is
arithmetically inadmissible.

* The rarefaction methods facilitate determinationthe statistical significance of the
differences, or absence of the statistical diffeesn between Shannon’s index values
for the compared communities.
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Abstrakt: W artykule przedstawiono metody okienia biologicznych i statystycznie istotnychuméc miedzy
taksocenozami poréwnywanymi pod wgdgm biordnorodndci. W celu pelnego opisu #nic biologicznych
pomiedzy poréwnywanymi, hipotetycznymi zbiorowiskami igzbno wskaniki: S (bogactwo taksonéw),
H' (indeks Shannona)Hmax (maksymalna warté indeksu Shannona dla danego bogactwa taksonéw
charakteryzujcych sg takimi samymi liczebniziami), Vy (wyrazona w procentach wakd wypetnienia
strukturalnych maiwosci zbiorowiska; niedostatek ,réwnomierui’), E (indeks MacArthura, czyli liczba
takson6éwS w zbiorowisku, dla ktérego dany indeks przyjatby wartdi¢ maksymaln) oraz Ps (wyrazony
w procentach niedostatek bogactwa taksonéw). Dogatk dla poréwnania biogdorodndci zbiorowisk wyto
graficznej metody profiliAg T; i Lj. W celu uzyskania informacji o statystycznie isy@h r&nicach m¢dzy
analizowanymi zbiorowiskami pod wzglem biordnorodndci wykreslono krzywe rarefakcji, bazage na
modelach numerycznych i metodzie Monte Carlo. Mat@defakcji umdliwita okreslenie statystycznie istotnych
réznic migdzy wartgciami bogactwa taksonéw i indeksu Shannona oblipaomila poréwnywanych zbiorowisk.
Metoda profili oraz indeksyy i Ps pozwalag wnioskowa o istotndci réznic biologicznych nawet wtedy, kiedy
wartasci indekséwH’ Shannonagdo siebie liczbowo zbibne.

Stowa kluczowe:bioré&znorodnd¢, indeks Shannona, krzywe rarefakcji, metoda profil



