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Abstract: In recent years, Multimetric Indices (MMIs) have received a lot of attention thanks to their
ability to develop integrative evaluations of water quality, particularly in lagoons. In this article, we
propose a new MMI for determining the water quality in lagoons. The proposed index is composed
of biotic and abiotic indicators, in particular macroinvertebrates, macrophytes and morphological
indicators. The proposed index is based on a geometric representation of a phenomenon associated
with an ecological system, the ecosystem elements are mapped as vertices of a network and the
relationship between them is represented by the corresponding edges. We classify the status of
water bodies, from very low to very high using the ecological quality ratio. We compare our index
with different different indices that measure water quality, such as General Biotic Index (JP(G)),
Macrophyte Index for River (MIR) and Shannon diversity index (H’) and validate our index with
Pearson’s correlation coefficient. A strong correlation with the JP(G) and MIR indices (R* = 0.8605
and R? = 0.7661, respectively) is obtained. Although the proposed index is composed of other
indices, the independence of the proposed index with respect to its component indices is proven
and the structure of the geometric model associated to the proposed network is studied. A close
relationship between the measure called medium articulation and the geometric model associated
with the proposed index is highlighted, which allows to determine the missing relationships in the
network using structural analysis. The proposed index presents a more comprehensive measure than
most indices currently used and has the advantage in the scalability, since other existing indicators
can be integrated into our model.

Keywords: biomonitoring; geometric model; integrative evaluations; water body

1. Introduction

Water bodies are extremely complex and susceptible to human activities; even na-
ture itself is a great stressor of them. Aquatic ecosystem conservation, preservation and
management are essential to maintaining the stability of the planet. They are especially
important in safeguarding for the continuity of life on Earth. The management of biological
and ecological resources requires the ability to perform integrative assessments of aquatic
ecosystems (see [1]). Thus, several methods have been developed to assess water quality
through biological, geomorphological and physical-chemical indicators that try to interpret
the actual situation or the degree of water body alteration.

Biotic indicators as a monitoring approach have been widely applied for health eval-
uation in aquatic ecosystems. Compared to physical-chemical methods, the advantage
of biomonitoring is that it can integrate multiple factors including water quality, habitat
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condition, reservoir development and hydrological modifications on spatial and temporal
scales [2—4]. Fish, benthic macroinvertebrates and periphyton are frequently used as good
indicators of ecosystem disturbances. Benthic macroinvertebrates are especially good
indicators because they live in contact with water bodies and bottom sediments, are rela-
tively immobile compared to fish and are easier to identify than periphyton [5,6]. Since
freshwater macroinvertebrate species are sensitive to environmental pollution, it is possible
to use their biological structure changes (abundance, variety, dominance and uniformity)
to estimate the pollution loads entering the ecosystem (see [7]). Furthermore, macroinver-
tebrate communities can respond to nutrient enrichment [8], oxygen availability [9], food
quantity and quality [10] and changes in habitat structure [11]. Benthic macroinvertebrates
are ubiquitous and abundant in most water bodies. Moreover, benthic macroinvertebrates
are considered by the Water Framework Directive (WFD) as one of the most important
elements in biomonitoring.

Macrophytes belong to the organism groups considered by the WFD for water bodies
assessment. Aquatic macrophytes compose an important community in (lenthic) aquatic
ecosystems because they are one of the main primary producers, producing high biomass
and contributing to biodiversity. Macrophytes in shallow lagoons are involved in various
feedback mechanisms that tend to maintain a clear water state, defined by WFD as an
expression of quality derived from the structure and functioning of the aquatic system.
Evaluation based on macrophytes is associated with the physicochemical characteristics of
water quality, mainly nutrients [12] and morphological degradation [13]. Recently, some
approaches in monitoring have been critically examined, and the existence of strong correla-
tions between aquatic plants and several water quality determinants has been disputed [14].
Therefore, macrophyte monitoring requires more support utilizing new databases and
implementing additional statistical techniques. There are numerous advantages in utilizing
macrophytes in monitoring. Similar to macroinvertebrates, macrophytes are visible to the
naked eye and therefore convenient for observation. They allow a first approximation to
visually assess the ecological status of the water body and make it possible to determine
the trophic properties of the water and its acidification [15].

The WFD introduced the term “hydromorphology” as part of its directives, which
requires the consideration of any modifications to flow regimen, sediment transport, fluvial
morphology and lateral channel mobility. Despite its lesser relative weight in the final
qualification of the water body quality, the hydrogeomorphological variable is essential for
defining the status of the water body. Recently, increasing effort is being made to develop
methods based on sounder geomorphological approaches, with a stronger consideration of
physical processes at appropriate spatial and temporal scales [16]. The method proposed
in [17,18] and the Morphological Quality Index (MQI) (see [19]) are examples of procedures
based on a geomorphological approach.

Given that many economic activities and urban areas are concentrated along the coast,
estuaries and other coastal systems such as lagoons are especially affected by anthropogenic
pressures resulting in water body degradation. In addition, abiotic processes are intimately
linked to biotics, and any alteration of these can alter the health of the resource; thus, the
geomorphological and biological conditions are keys in the determination of the health of
the water bodies (see [20]). At present, many indices are used to measure water quality
in lagoons, e.g., the BMWP and its variants (see [21]), fish-based indices [20], macrophyte
indices [15,22] and morphological quality indices (see [17]). These indices are relatively
simple to obtain but take only one metric into account in their assessments, resulting in
measurements that are not rigorous enough for current needs.

One of the emerging methods to perform the above type of assessments in water bodies
are Multimetric Indices (MMIs). MMIs are quantitative global measures that allow to obtain
integrate qualitative information about a given system through its most representative
elements (see [22]). Since the introduction of MMIs as tools for water quality assessment
(cf. [2]), the concept has been applied to more and more biological systems, including
wetland plants and terrestrial invertebrates, and they have applied on a range of spatial
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scales from local to continental. In this sense, several MMIs have been developed with
the aim of evaluating lagoons health (see [19,23-25] and references therein). These MMIs
have in common that they use a single indicator, which reduces the capacity to relate biotic
and abiotic elements. Moreover, they become dependent on a single biological community,
which can cause greater uncertainty in the assessment.

The data associated with a given ecosystem are dispersed in many ways. MMIs are
tools that allow to group all these data and summarizing them as a unique value. For
this, it is necessary to collect all the relevant information, i.e., to identify, classify and
decide what information in question is more important or relevant. This helps to achieve
more efficient and less expensive evaluations for solving the problem while not using
redundant information. In this way, biology, together with other scientific disciplines such
as mathematics (discrete mathematics), has managed to carry out scientific and technical
studies that model ecosystems with greater precision [26].

The aim of this work is to present a MMI proposal for evaluating the water quality of
lagoons, based on variation in abundances and pollution tolerance of macroinvertebrates
and macrophytes and morphological indicators. We used a discrete approach for this study
to describe the relationships between the system elements. We also incorporated concepts
of graph theory and its properties.

The rest of the paper is organized as follows. Section 2 defines and conceptualizes the
MMI and the geometric model that we use in our study. Section 3 analyzes in detail some
characteristics of the proposed MML. In Section 4, we compare the proposed index with
other indices used in the study of water quality and show the independence of the proposed
model. The analysis of the structural properties of the geometric model is developed in
Section 5. We summarize our results in Section 6 and discuss the future work.

2. Multimetric Index Conceptualization

In this section, the MMI fundamentals aspects are formulated and defined. We start
with the basic graph terminology and notation.

2.1. Preliminaries

We consider G = (V, E) as a finite network, undirected, and without loops or multiple
edges, where V represent the vertices set and E the edges set. The order and size of a
network, denoted by #n and m, is the cardinality of its vertex and edge set, respectively.

Given a vertex v € V, N(v) is the set of neighbors or the open neighbourhood of v
in G, thatis, N(v) = {u € V : (u,v) € E}. For nonempty set D C V, and a vertexv € V,
Np(v) denotes the set of neighbors of v in D. We denote by ég(v) = |[N(v)| the degree of
vertex v in G (we may omit the argument G when this will cause no confusion). We denote
by 6 = min,cy{6(v)} and A = maxyecy{d(v)} as the minimum and maximum degree of a
network, respectively. Thus, the subnetwork induced by S C V will be denoted by G[S].

2.2. JP(G) Index

JP Index proposed and studied in detail by Pineda et al. [25,26] is based on a bipartite
network G = (V, E) where the vertex set V is divided in two disjoint sets 7 and \A. The
vertices in 7 = {f1,ty, ..., tmax} indicate the tolerance values to pollution. Notice that,
for every t; € T we have that w(t;) = i. Meanwhile, the vertices in A = {ay,4ay,..., a5, }
represent the macroinvertebrate grouped in families. The lower values are assigned to
insects or aquatic macroinvertebrates with greater pollution tolerance and those with lower
tolerance are assigned higher values. Thus, macroinvertebrates with tolerance value of
10 indicate clean waters. In Table 1, a summary of the tolerance value and abundance for
the macroinvertebrate families identified between the years 2016 and 2018 in Calderas
System from Colombia is shown, as reported in [27]. For every edge t;a; € E its weight
w(t;a;) is the number of individuals in the family a; with tolerance value t;. In Figure 1, a
complete bipartite network constructed by JP index methodology is shown, see [26].
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Table 1. Summary of the tolerance value and abundance for the macroinvertebrate families identified between the years

2016 and 2018 in Calderas System from Colombia (see [27]).

Order (A;) Family Tolerance (7;) Abundance Order (A;) Family Tolerance (7;) Abundance
Trombidiformes =~ Hydrachnidae 7 0 Hemiptera Mesoveliidae 7 4
Trombidiformes  Trombidiformes 6 1 Hemiptera Miconectidae 5 7

Veneroidea Sphaeriidae 3 0 Hemiptera Naucoridae 5 152

Haplotaxida Haplotaxida 5 12 Hemiptera Notonectidae 8 6

Hygrophila Physidae 2 103 Hemiptera Saldidae 6 1

Hygrophila Planorbidae 3 0 Hemiptera Veliidae 3 754
Neotaenioglossa Thiaridae 1 9 Lepidoptera Crambidae 8 7

Coleoptera Curculionidae 5 1 Megaloptera Corydalidae 8 133

Coleoptera Dryopidae 5 3 Odonata Aeshnidae 8 2

Coleoptera Elmidae 5 2546 Odonata Calopterygidae 7 33

Diptera Blephariceridae 10 10 Odonata Coenagrionidae 5 6
Diptera Ceratopogonidae 3 9 Odonata Gomphidae 8 12
Diptera Chironomidae 1 865 Odonata Libellulidae 6 82
Diptera Dixidae 4 3 Odonata Megapodagrionidae 5 1
Diptera Dolichopodidae 4 1 Odonata Platystictidae 7 1
Diptera Empididae 5 5 Odonata Polythoridae 4 0
Diptera Muscidae 4 1 Plecoptera Perlidae 10 514
Diptera Psychodidae 3 3 Trichoptera Calamoceratidae 7 7
Diptera Simuliidae 3 702 Trichoptera Glossosomatidae 8 16
Diptera Tabanidae 5 0 Trichoptera Helicopsychidae 7 82
Diptera Tipulidae 3 65 Trichoptera Hydrobiosidae 8 14
Ephemeroptera Baetidae 6 1713 Trichoptera Hydropsychidae 4 555
Ephemeroptera ~ Euthyplociidae 8 0 Trichoptera Hydroptilidae 6 407
Ephemeroptera  Leptohyphidae 5 866 Trichoptera Leptoceridae 9 1053
Ephemeroptera  Leptophlebiidae 5 415 Trichoptera Odontoceridae 10 35
Ephemeroptera Oligoneuriidae 6 2 Trichoptera Philopotamidae 6 593

Hemiptera Belostomatidae 4 9 Trichoptera Polycentropodidae 8 19

Hemiptera Corixidae 7 6 Trichoptera Xiphocentronidae 8 1

Hemiptera Gelastocoridae 3 0 Decapoda Pseudothelphusidae 5 0

Hemiptera Gerridae 3 21 Tricladida Dugesiidae 9 2

Hemiptera Hebridae 7 4 Basommatophora Ancylidae 6 0

Figure 1. A complete bipartite network constructed by JP index methodology, where t; € 7 and a; € A.

Finally, in Equation (1) is obtained the value of the JP index [26].

L(G)=JP(G)= Y w(t) Y log,w(ta)t/°®

teT aeN4 (1)

)
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2.3. Macrophytes Quality Index MQI

In this subsection we propose an index, based on the method used in the national
Poland monitoring applying the Macrophyte Index for Rivers (MIR) proposed by
Szoszkiewicz et al. in [28]. Now we divide the vertex set of the network G in three
disjoint set 7, P and W. The vertices in 7 = {t1,t2,. .., tmax } represent the same set that
in the previous subsection so that macrophytes with tolerance value of w(#,;4x) indicate
clean waters. The vertices in P = {pj,p2, ..., Pn, } represent the macrophytes families
grouped. Moreover, the vertices in W = {wy, Wy, . .., Wyayx } represents value ranges from
1 plants with a large tolerance range (generalist species) to w(wWmqy) organisms of a narrow
tolerance scope (specialist species). Note that w(w;) = i for every w; € W.

The relationship between the vertices represents the tolerance value or range value for
each macrophytes taxa families (see these relationships in Figure 2). That is, for every edge
tipj € E,where t; € T and p; € P, its weight w(t;p;) is the abundance of individuals in
the family p; with tolerance value ¢;. For every edge w;p; € E, where w; € WV, the weight
w(w;pj) is the abundance of individuals in the family p; with range value w;. Species cover
abundance is assessed with a 10-point scale (Table 2).

Table 2. The sampling surface scale coverage by species used to calculate various metrics [29].

Surface Coverage (%) Abundance Value

<0.1

0.1-1
1-25
2.5-5
5-10
10-25
25-50
50-70
70-90

>90

S0 0N U W=

Figure 2. A network constructed by MQI methodology, where t; € 7, p; € P and w; € W.

Finally, in Equation (2) is obtained the value of the macrophytes quality index.
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n (7] W]
) (2 w(tj)w(tipi) + k; W(wk)w(wkpi)>

ny (W]

Y w(wgp;)
i=1k=1

@

2.4. Morphological Quality Index MoQI

This subsection presents a morphological quality index that combines morphological
indicators with the earlier mentioned biotic indicators (i.e., the macroinvertebrates and
macrophytes). The morphological indicators used to elaborate the index, proposed by Ri-
naldi et al. [19], are grouped in three sets taking into account their main aspects (continuity,
morphology and vegetation) and the components of functionality, artificiality and channel
adjustments are evaluated.

Now the set of vertices of the network G represent the morphological indicators,
denoted by M = {my,my, ..., my,}. The weight of the vertex m;, 1 < w(m;) < 10 takes
into account the level of stress presented in the water body: the vertices with weight 1
indicate less stress, and the vertices with weight 10 indicate high levels of stress in in the
aquatic ecosystem. Since both macroinvertebrates and aquatic macrophytes are species
with little or null movement, it is natural to think that there is an inverse relationship
between species abundance and the level of stress in the water body. Since the weights
of the vertices of M are in the range from one to ten, we have a new index based on
average abundances and using the inverse relationship between morphological and biotic
indicators. A representation of the induced subnetwork by the vertex set AU P U M is
shown in Figure 3.

Figure 3. Induced subnetwork by the vertex set AU P U M.

Equation (3) calculates the index relating morphological and biotic indicators.

IB(G):i 1 [ Y logzw(a)+ Y w(p)] 3)

= w(m;) aEN 4 (m;) ‘SA(mi) peNp (m;) op(m;)

Our index can also be represented by the following two equations.

A=Y Ay lawl (4)

i=1 w(m;) aeN 1 (m;) o (m;)
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ns 1

£(G) =)

i=1

y v 5)

pENp (m;

w(m;)

To take into account the time required for the calculation of the index, the morphologi-
cal indicators are exposed. These were chosen from the set of indicators proposed in [19],
based on their importance for a lagoon ecosystem. Note that the chosen indicators were
those relating to morphology and vegetation, because in lagoons the continuity is almost
null. We show the chosen indicators in Table 3.

Table 3. Group of morphological indicators proposed in [19], based on their importance for a lagoon
ecosystem. The analysis in river channels can be performed in the same way in lagoons, taking into
account that the section to be analysed is closed, i.e., the perimeter of the lagoon. The reach length is
measured in terms of the perimeters of the lagoon. Likewise, the functional vegetation extension,
both longitudinally and areal, is analyzed in the lagoon perimeters.

Indicator Description
F6 Identification of bed configuration in case of presence of transversal structures
and comparison with expected.
F7 Percentage of the reach length with alteration of the natural heterogeneity of
forms expected caused by human factors.
F8 Presence/absence of fluvial forms in the alluvial plain.
F9 Percentage of the reach length with alteration of the natural heterogeneity of
cross section expected type caused by human factors.
F10 Presence/absence of alterations of bed sediment.
F11 Presence/absence of large wood.
F12 Mean width (or areal extension) of functional vegetation in the fluvial corridor
potentially connected to channel processes.
F13 Longitudinal length of functional vegetation along the banks with direct
connection to the channel.
A8 Percentage of the reach length with documented artificial modifications of the
lagoon.
A9 Presence, spatial density and typology of other bed-stabilizing structures (sills,
ramps) and revetments.
A10 Existence and relative intensity of past sediment mining activity.
All Existence and relative intensity (partial or total) of streams with natural absence
of riparian vegetation.
A12 Existence and relative intensity (selective or total) of riparian vegetation cuts
during the last 20 years.
CA1 Adjustments in channel pattern.
CA2 Adjustments in channel width.
CA3 Bed-level adjustments.

In Figure 4, we illustrate the final discrete structure proposed until this moment. We
must take into account each of the above indices to determine the final index, denoted by
I(G) (with which we will evaluate the health of the lagoon ecosystem). To develop the final
index we use the idea of the weighted average, where the greater weight indicates have
greater importance for the ecosystem. This I(G) index, includes variables and relations
which are not present in other indices reported in the literature (for example, dominant
taxon, macroinvertebrate family richness, abundance and richness of macrophytes and the
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relation between biotic elements and morphological indicators). The multimetric index for
lagoon ecosistem quality assessment is defined as

_ 911(G) + ¢21(G) + ¢315(G)

I£(G) (6)

Q1+ @2+ @3

Figure 4. The figure shows a network G representing the discrete model associated with the index I¢(G).

3. Analyzing the MMI

In this section, we analyze in detail some characteristics of the proposed multimetric

index determining lower and higher ranges that the proposed index can reach. Moreover,
we establish conditions to efficiently choose the values of the weights of each index.

The maximum and minimum weights among all taxa in the network G, ¥ and ¢,

respectively, are defined as ¥ = max{w(a)} and ¢ = min{w(a)} foralla € A. Likewise,
D = max{w(p)} and ¢ = min{w(p)} forall p € P.

Proposition 1. Let m, a, p and w be a vertices belonging to M, A, P and W, respectively. Then,
the following conditions hold.

1 <w(m) <10.

1 < w(w) < w(wWpay)-

¢ <w(p) <o

The following inequality from [25] with lower and upper bound on index I; (G), will

be used later for the analysis of our final index:

T xlog, () < [1(G) < T *log,(¥),
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where T = w and M = max{w(t)} forallt € T.

Next, we analyze the maximum and minimum bounds on the macrophyte index I, (G).
As mentioned in the previous section, this index is based on the MIR (see Equation (7)
and [28]).

N
ZLi*Wi*Pi

MIR = = 510 )

Z Wi * Pi
i=1

We can see that the numerators do match but the denominators do not much. It is easy
to see that for the index I (G) the numerator is greater than or equal to the denominator
and that the denominator of our index is the sum of the abundances of each of the species.
With this in mind, we propose the following bounds.

Proposition 2. Let G be a network that represent the MMI. Then,
1< L(G) <10 * w(Wpayx)-

Proof. As mentioned above, its easy to see that the numerator is greater than or equal

to the denominator. Thus, I,(G) > 1. On the other hand, in our discrete model we can

achieve the sum of the abundances as Z:Z 12;(1/:vl‘w(wk pi). As the numerators coincide for

both the MIR and our index,

N 1y (W]
ZLi*Wi*Pi 10*w(wmax)*zzw(wkpi)

L(G) = lew‘ < — =1kl =10 * w(Wpax )
Yo Y w(weps) Y. ) w(wip;)

i=1k=1 i=1k=1
The proof is complete. [

We note that we will scale index ,(G) (by multiplying it by 10) to normalise the
results. In the next propositions lower and upper bounds for the indices f1(G) and f»(G)
are obtained.

Proposition 3. Let G be a network that represent the MMI. Then,

log, w(i) * i w(ini) < f1(G) < log, w(¥) * i 1

Proof. Notice that |[N 4| = n; for every m € M. Then by Proposition 1, < w(a) <'¥ for
all a € A. Hence,

Mo - f Ly e f 1 e
i=1 w<ml) aENA(mi) 5A(ml) i=1 w(ml) j=1 "
S1 &log,w(Y) g
< =log, w(¥) *
S Loy om wer L
ns 1

proved. [
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Proposition 4. Let G be a network that represent the MMI. Then

Proof. Note that |[Np| = ny for every m € M. By Proposition 1, ¢ < w(p) < P for all
p € P. Hence,

AG) = 23 Ly ) :“an1 3 A

i w(mi) pENp (m;) 577(7711') i—1 (mz) j=1 np
) o L =Y oo
< — =]«
i=1 w(mi) j=1 na i=1 w(ml)
ns 1
Similarly, it can be shown that f,(G) > ¢ * ) w(m) and the proposition is proved. O
i=1 i

Corollary 1. Let G be a network that represents the MMI. Then

n3 " .
; w(m;) [log, w(¥) + ¢] < I3(G) < 3 e [log, w(¥) + @].

As earlier mentioned, our index assigns the weights to the index of the most important
indicators to determine the water quality in a lagoon. In particular, we let ¢ = ¢ =
@3 = 1 and give equal weights to each of the indices. Then the final index is I¢(G) =
Il(G)+12(3G)+13(G)_

Now we analyze our multimetric index based on the arguments from the above
propositions and the established weights. We establish tight bounds for the index.

;(G) > §<T*1ogz<¢> - 21 Sy (0B (9) +9) +1>,

13

I£(G) < % (T *log, (¥) + 1:21 w(iﬂi) (log, w(¥) + @) + 10 a)(wmux)> :

At this point, we defined the ecological quality ratio (EQR) used to determine the
ecological quality status, denoted by p(G) dividing the observed value on the expected
value of the I¢(G) index at a reference location.

31¢(G)
p(G) = TR ®)
T xlog,(¥) + l; w(my) (log, w(¥) + P) + 10 * w(wpax)

Note that 0 < p <1, and it easy to see that if p approaches zero, the water quality of
the ecosystem is bad, whereas if p approaches one, then the water quality of the ecosystem
is better. In this way, parameter p allows the evaluation of the water quality of the system
as a function of several measurable parameters of the system, such as tolerance values,
abundance and dominance of the taxas.

In general, the studies that evaluate water quality classify this quality in five classes,
commonly, very high, high, regular, low and very low (see [16,25] and its references). To
classify the status in our study, the class width is determined by the quotient between the
expected value of the I(G) index at a reference site and the number of classes. The expected
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value of the I¢(G) index at a reference site is obtained when the average abundances are
uniformly distributed, the stress in the morphological indicators are minimum and there
exist all possible relations (edges) in the network G (see Figure 4). Finally, they are used
to classify the water quality with our index using the ecological quality ratio proposed
in Equation (8). Thus, if p(G) > 0.81 the quality is very high, 0.61 < p(G) < 0.80 is high,
0.41 < p(G) < 0.60is regular, 0.21 < p(G) < 0.40is low and if p(G) < 0.20 is very low.

4. Comparison between Indices to Study Water Quality

In this section, we compare our index with the several most known indices frequently
used in the water quality assessment. We use two of the basis indices of our index and
the Shannon diversity index, which is one of the most commonly used ones in this type of
study. The basis indices used were JP(G) and MIR index (see [15,25]).

The Shannon diversity index, denoted by H’, is commonly used to characterize species
diversity in a community. It is applied in natural sciences for the assessment of water
quality and frequently accompanies other indices (see more in [30-32]) and is defined as

s
H = -3 piln(p;),
=

where p; is the relative abundance of the species, i.e., p; is the quotient between the abun-
dance of the organism and the sum of all the abundances and S is the total number of species
in the reference site (macroinvertebrates and macrophytes, recall that the abundances are
normalized using log, w(a) and Table 2, respectively).

We simulated 150 randomized networks taking into account the following parameters.
To generate the networks, the 17 macroinvertebrate orders proposed in Table 1 were gener-
ated with equal probability of presence/absence for each order and maximum abundance
of 192 individuals, considering the average abundance for each order of macroinverte-
brates reported in [27]. The macrophytes were grouped in eight families (Chlorophyta,
Cyanophyta, Rhodophyta, Hepaticophyta, Bryophyta, Pteridophyta, Monocotyledoneae
and Dicotyledoneae) with the same probability of presence, ensuring that the sum of the
coverages is 100% and calculating the abundance as shown in Table 2. The morphological
indicators proposed in Table 3 were used with values between 1 and 10 to indicate the level
of stress.

On the other hand, in order to see the differences between the indexes and the certainty
of Ir(G), we simulated the networks whose indices values are shown in Table 4. The first
50 networks (left columns) show networks where dominant individuals and morphological
indicators indicate high contamination of the water body, those in the center were simulated
such that the contamination of the water was regular, while the networks on the right
indicate little or no contamination.

Table 4. It is shown the obtained values of I(G), JP(G), MIR, H" and p(G) for 150 randomly constructed networks. The
networks were constructed using the macroinvertebrate orders reported in [27], the macrophytes families mentioned above

and the morphological indicators previously proposed.

I/(G) JP(G) MIR H' p(G) I;(G) JP(G) MIR H' p(G) I;(G) JP(G) MIR H' p(G)
1450 1985 1052 345 006 14585 31295 4439 410 059 21181 36653 77.89 401 0.84
3138  69.35 1046 397 013 14518 31402 4127 401 059 21120 36733 7677 397 0.83
3973 9506 1056 396 0.16 14673 31544 43.69 409 059 211.92 36798 77.02 397 0.83
4823 11933 1000 393 020 14640 31758 4238 405 059 21288 36886 78.00 401 0.84
53.80 13511 1037 4.05 022 14545 31861 4129 400 059 21392 369.64 7816 403 0.84
5876 14920 1090 4.06 024 14627 32006 41.15 400 059 21500 37027 79.44 402 0.84
6344 159.80 11.10 4.09 026 14880 32154 4305 408 059 21479 37110 7955 4.02 0.84
65.65 170.01 1029 405 027 14800 32276 4140 404 059 21467 37191 7750 4.02 0.84
6875 17821 1000 4.02 028 14886 32400 41.75 398 059 21505 372.67 7855 404 0.85
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Table 4. Cont.
If(G) JP(G) MIR H' p(G) If(G) JP(G) MIR H' p(G) If(G) JP(G) MIR H' p(G)
7225 187.07 1038 4.07 029 151.08 325.64 43.76 4.07 060 21192 37313 76.00 399 0.83
7414 194.02 1037 4.05 030 15248 32678 4394 4.09 061 21416 37399 7723 399 0.84
76.13  200.60 10.00 399 031 150.60 328.02 41.13 4.01 060 21578 37479 7851 4.00 0.84
78.04 205.04 1083 4.07 032 15039 32973 4065 398 060 22031 37547 7953 4.06 0.85
80.09 21190 1039 4.03 033 151.63 330.55 4281 4.05 061 22251 37618 80.85 4.03 0.86
8229 21780 1042 4.06 033 151.24 331.77 4172 399 0.60 220.06 37690 79.86 4.04 0.85
8329 221.82 1032 4.02 034 15232 333.07 4087 398 061 21928 37745 7768 4.01 0.85
86.27 22770 1022 4.07 035 153.66 334.19 43.08 4.07 0.62 22071 37833 79.00 4.02 0.85
86.25 231.04 10.00 399 035 152.08 33540 41.01 397 0.61 22120 37892 7859 4.02 0.85
88.64 23552 10.63 4.03 036 15428 33640 4253 4.03 0.62 22204 37952 79.87 405 0.86
90.57 240.21 10.00 4.03 037 153.08 337.54 4127 399 0.61 22237 38021 79.63 4.06 0.85
9221 24320 1041 4.05 037 153.01 338.75 4044 397 0.61 22324 38093 79.86 4.05 0.85
93.34 24654 1061 4.12 038 155.14 339.94 4228 4.06 0.62 22065 38157 7850 398 0.85
93.87 250.83 10.00 4.01 038 15498 341.08 4227 4.05 0.62 22202 38213 7885 4.04 0.85
9541 253.87 10.16 4.05 039 156.63 341.88 4285 4.05 0.63 21833 38274 7390 394 0.84
96.98 25696 1052 4.07 039 15837 343.17 43.63 4.10 0.63 22270 38342 7824 4.03 0.86
9725 259.81 10.00 4.00 039 15794 34411 4158 398 0.63 22508 384.01 8141 4.08 0.87
99.07 262.82 1064 4.10 040 15713 345.06 4056 397 0.63 22284 38475 79.12 4.03 0.86
99.61 266.04 10.17 4.04 040 15813 346.06 4247 4.04 0.63 22339 38529 7921 4.04 0.86
100.38 268.41 10.09 4.02 041 15943 347.07 4376 4.08 0.63 22229 38595 77.70 398 0.86
101.29 27076 1032 4.05 041 159.77 34818 4223 4.04 0.64 22247 38653 7727 400 0.85
102.06 273.15 1036 4.03 041 15799 349.08 40.00 395 0.63 221.77 387.18 77.14 399 0.86
103.31 276.14 10.84 410 042 159.16 350.02 4090 398 0.63 229.64 387.70 7795 4.02 0.86
103.99 27880 10.00 4.03 042 159.18 351.18 41.67 397 0.63 230.50 388.27 76,56 399 0.86
104.79 281.19 1035 4.03 042 161.54 352.03 4223 401 0.64 22882 388.84 7831 4.00 0.86
106.39 28343 11.01 411 043 161.13 35297 4278 4.05 0.64 232.09 38943 78.18 4.03 0.87
106.44 28548 11.18 4.04 043 161.62 353.76 41.89 4.04 0.64 22829 390.07 77.71 4.01 0.86
106.69 287.80 10.00 4.00 043 161.60 355.00 41.06 399 0.64 231.05 390.76 77.65 399 0.87
109.70 289.68 1226 410 044 16090 355.81 41.00 397 0.64 23140 391.15 76.61 397 0.85
108.42 291.68 10.19 4.02 044 162.06 35640 41.13 399 0.64 23193 39190 78.17 4.00 0.86
109.45 29365 10.19 4.01 044 161.75 35753 4142 401 0.64 230.80 39243 76.19 398 0.86
11097 29543 1091 4.08 045 163.57 35852 4295 4.06 0.65 23275 39297 7625 4.00 0.86
11042 29743 10.00 397 044 164.63 35926 4291 4.02 0.65 233.87 39348 8225 4.07 0.89
111.98 299.39 1048 4.05 045 16320 360.22 4199 4.01 065 23534 394.04 79.86 4.01 0.87
112,55 301.19 10.77 4.04 045 16578 360.88 4130 397 0.65 230.11 39466 7629 398 0.86
113.01 30291 1056 4.07 046 165.70 361.86 42.03 4.01 065 23443 39514 7851 4.00 0.87
113.73 30454 1030 4.04 046 16588 36259 4139 400 0.65 233.73 39570 8133 4.06 0.88
114.18 306.50 10.00 4.00 046 16637 363.32 4232 4.06 0.65 23270 396.21 79.67 4.00 0.88
115.02 30795 1056 4.04 046 166.23 364.07 4252 401 065 231.56 396.71 77.61 399 0.87
115.72 309.85 10.62 4.05 047 16797 364.89 42.02 4.02 0.66 236.63 39726 78.66 4.04 0.88
116.52 31125 11.16 4.12 047 16795 365.78 4253 4.06 0.66 248.84 397.87 7840 4.02 0.88
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R? = 0.8605

Taking into account the indicators mentioned above (the average abundances 192
individuals for each macroinvertebrate family in Table 1, the eight families of macrophytes
and the morphological indicators in Table 3) and assuming that all macroinvertebrate
orders are present, M = 10, log,(192) = 7.58, the expected value of JP(G) is approximately
417. In the following we assume that w(wyay) = 3. Itis well known that the expected value
of the MIR index is 100 (see [15]). Thus, according to the results from Table 4 we can see
that our index follows the trace of the information provided by the JP(G) and MIR indexes.
When the water quality is very low or low, 14.50 < I¢(G) < 97.25; for a regular water
quality 99.07 < I¢(G) < 148.86 and if it is high or very high then 151.08 < I¢(G) < 248.84.
Moreover, we observe that biodiversity (as shown in the Shannon diversity index) remains
in the same value range, regardless of the value achieved by the I¢(G) index, which implies
that the index I;(G) shows significant differences as compared to the Shannon diversity
index. We can conclude that diversity is not a fundamental property to determine in the
water quality.

In [25], it was proved that there is no correlation between the JP(G) and H' indices.
Below we calculate the Pearson’s correlation coefficient to determine the level of correlation
of the other indices with ours.

An important factor related to our index is that it can replicate the information pro-
vided by each of the indices it is based on. Now we calculate Pearson’s correlation coef-
ficient between the I¢(G) index and the JP(G), MIR and H' indices (see Figure 5). The
If(G) index has a strong direct correlation with the JP(G) and MIR indices, resulting in a
correlation of R? = 0.8605 and R? = 0.7661, respectively. However with Shannon diversity
index the correlation was R? = 0.0498. Besides, it is essential that the index is unbiased, i.e.,
regardless of the values of the base indices, our index should not lean towards the behavior
of any of them.

66
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Figure 5. Scatter plots between the index I¢(G) and the JP(G), MIR and Shannon diversity indices for the 150 random
networks constructed above. The index values are normalized with the function logy (x + 1).
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To prove the impartiality of the index I¢(G), we have constructed 50 random samples
where the index JP(G) indicates a very low water quality in the first examples and very
high water quality in the last examples. However, the MIR index indicates from high
to low water quality and the morphological indicators obtained totally random values
(see Figure 6). Note that, despite these differences, the values of the If(G) index are in no
way too close to any of the indices. This ensures that the index takes into account all the
information from the biotic and abiotic indicators in a homogeneous way.
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Figure 6. A graph where the values of the indices I¢(G), JP(G) and MIR are compared for 50 random
instances. The abscissa axis indicates the 50 instances and the ordinate axis the value of each index
for each instance.

5. Structural Analysis of the Geometric Model

So far we have analyzed our index with respect to the other indices used in the
assessment of the water bodies quality taking only into account its possible value. To our
geometric model, several statistical properties can be obtained, such as average degree,
clustering or diameter can be defined from the adjacency matrix of the network, but none of
them provides relevant information for the assessment of the water status. Here, we apply
other technique to water quality assessment, which is based on the structural properties of
the network G.

Besides information-theoretic mathematical measures, several other entropic network
measures for estimating the disorder relations in complex networks have been explored
in the context of network physics, see more in [33]. Moreover, correlation measures
offer considerable insight into the structural properties displayed by complex networks.
Generally, in some networks high degree vertices tend to attach to other high-degree
vertices. At the same time, there are low degree vertices to attach to other low-degree
vertices, thus involving anticorrelation. The latter cases are common in most biological
nets, whereas the former case is common in social and collaboration networks, see [33].
Thus, applying Shannon’s information measure, the network entropy measure is a more
widely used one.
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This measure does not incorporate the weight of the edges in its analysis, so that
in [34] it is defined the measure called Medium Articulation (MA(G)) that obtains its
maximum for networks with a medium number of edges, whereas it vanishes for extremal
networks (null and complete networks). Now, note that the network of the geometric
model is bipartite, taking V = V; UV,, where Vi = T UM UW and V, = AU P. Thus,
the measure reaches the maximum when the bipartite network is complete, and it attains
the minimum when there are no edges in the network (the total number of edges in the
complete bipartite networks is about half of the total number of possible edges) defined by:

MA(G) = R(G) = I(G) 9)

where,
R(G)=— ) Tulog Tio (10)

u,veVvV Z Txv Z Tyu
xEN(v) yEN(u)
and
I(G) =Y Tulog Lo (11)
- uo .
M,UGV Z TXU Z Tyll

xeN(v) yeN(u)

Here R(G) represents the redundancy and I(G) the mutual information [34]. As a
consequence,

Another widely known structural property of a network is the connectivity, de-
noted by & € [0,1], and defined as the ratio of current adjacent pairs over the total
number of possible adjacent pairs (see [35]). In particular, for our geometric model,

— |E| — |E| .

& = GE) (Tl T Wi = (i) (105m) 53 Furthermore, we can see that the re

lationship between morphological and biotic indicators is always present, so that for our
E(G[TUAUPUW))|

model we can establish the connectivity as &« = | . The connectivity of a

10% (11 +ny)+3x1p
network is an important measure of its resilience as a network. Thus, it is a good indicator
of the ecological state of ecosystems.

Now we compare the values MA(G), « and p(G) in 100 constructed random samples.
For that, we use the same parameters as in the previous section. From Figure 7, it is clear
that there is no relationship between the p(G) and « index. However, it is also clear that
there is an strong inverse relationship between the indexes I;(G) and MA(G). This implies
that the index p(G) shows significant differences as compared to the connectivity index,
but for the Medium Articulation of the network holds the contrary.
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Figure 7. Scatter plots between MA(G), p(G) and « indices for 100 random networks.

6. Conclusions

In this article, we propose a new multimetric index I¢(G) to determine the water
quality in lagoons. The geometric representation of a phenomenon associated with an
ecological system allowed us to propose this index in which we have associated the
elements of the ecosystem with the vertices of a network and the relationships between
them were represented by the corresponding edges. The proposed index includes variables
and relations which are not used in other indices reported in the literature (e.g., Multimetric
Phytoplankton Index (MPI), Ecofuntional Quality Index (EQI), Weighted Biotic Index (WBI),
Index of Biotic Integrity (IBI)); for example, dominant taxon, macroinvertebrate family
richness, abundance and richness of macrophytes and the relation between biotic elements
and morphological indicators.

We determined the five classes in which the status of a water body is classified, from
very low to very high. We also compared the I¢(G) index with several well-known indices
used in the water quality study and have succeeded to verify the direct relationship between
them, validating it with Pearson’s correlation coefficient, obtaining a strong correlated with
the JP(G) and MIR indices (R? = 0.8605 and R? = 0.7661, respectively). However, there
is a weak correlation between our index and Shannon diversity index, as shown below
R? = 0.0498.

We showed that the structure of the proposed network, through the Medium Ar-
ticulation measure, has a tight relationship with the proposed index. This is extremely
important since the missing relationships in the geometric model can be detected and
criteria to improve or add these missing relationships can be established. In particular, the
practitioners will be able to take specific actions based on the missing relationships in the
network.

As to the future work, the proposed geometric representation can be expanded by
adding other biotic indicators, as long as they fit the qualitative properties of the research.
In summary, the interdisciplinary approach to water quality assessment by means of bio-
indicators and morphological inidicators allows us to reach a better approximation for the
water quality evaluation in a lagoon.
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