
REVISTA DE MODELAMIENTO MATEMÁTICO DE SISTEMAS BIOLÓGICOS - MMSB, VOL. 2, No. 2, agosto 2022

An algorithm for the identification of indicator taxonomic
units and their use in analyses of ecosystem state

Un algoritmo para la identificación de unidades taxonómicas
indicadoras y su uso en análisis del estado del ecosistemas

de la Vega Hernán1, Falco Liliana1,2, Saravia Leonardo3,4, Sandler Rosana2, Duhour Andrés1,5,
Velazco Víctor N1,2 and Coviella Carlos1,2

1 Departamento de Ciencias Básicas, Universidad Nacional de Luján, Argentina
2 Programa de Investigaciones en Ecología Terrestre, Instituto de Ecología y Desarrollo Sustentable (INEDES) UNLu – CONICET

3 Instituto de Ciencias, Universidad Nacional de General Sarmiento, Argentina
4 CADIC, CONICET.

5 Grupo de Sustentabilidad Agropecuaria, Instituto de Ecología y Desarrollo Sustentable (INEDES) UNLu - CONICET

Reception date of the manuscript: 25/05/2022
Acceptance date of the manuscript: 09/06/2022

Publication date: 31/08/2022

Abstract—Biological community structure can be used as an ecological state descriptor, and the sensitivity of some taxonomic groups or
biological entities to environmental conditions allows for their use as ecological state indicators. This work describes an algorithm develo-
ped for the identification of such taxonomic units when comparing environments or ecosystems under different anthropic impacts. Based so-
lely on presence or absence information in a database, the algorithm identifies indicator taxonomic units for each environment, estimates the
belonging of any additional samples to a given environment, approximates the ecological niche of any taxonomic unit based on two or more
selected environmental factors, and analyzes the frequency of any taxonomic unit in a selected combination of the environmental factors
chosen. By using the approximation to the ecological niche of the taxonomic units present, given a new sample, the physicochemical para-
meters of the environment it was taken can be estimated by the units present in the sample. These analyses can be performed simultaneously
for two or more taxonomic units. This work provides a description of how the mathematical method was developed. Based on this methodo-
logy, a freely downloadable R package for easy use was developed, (Ecoindicators, DOI: https://github.com/lsaravia/EcoIndicators). One of
the advantages of this method, and the R-package mentioned is that it can be used for any ecosystem for which there is a suitable biological
dataset associated with environmental factors. In addition, both this mathematical procedure and the package referred to, can be tailored by
other researchers to fit their own needs.

Keywords—Anthropic Impact, Ecological Indices, Mathematical Ecology, Sustainability

Resumen— La estructura de una comunidad biológica puede usarse como un descriptor del estado ecológico, y la sensibilidad de algunos
grupos taxonómicos o entidades biológicas a las condiciones ambientales, permite que sean usados como indicadores de dicho estado.
Este trabajo describe el desarrollo de un algoritmo para la identificación de tales unidades taxonómicas al comparar ambientes o ecosiste-
mas bajo diferentes impactos antrópicos. Basado únicamente en información de presencia o ausencia en una base de datos, el algoritmo
identifica unidades taxonómicas indicadoras de cada ambiente, estima la pertenencia de cualquier muestra adicional a un ambiente da-
do, aproxima el nicho ecológico de cualquier unidad taxonómica con base en dos o más factores ambientales seleccionados y analiza la
frecuencia de cualquier unidad taxonómica en la combinación de los factores ambientales elegidos. Utilizando la aproximación al nicho
ecológico de las unidades taxonómicas presentes en la base de datos, dada una nueva muestra, se pueden estimar ciertos parámetros fi-
sicoquímicos del ambiente de donde provino tal muestra a partir de las especies presentes en la misma. Estos análisis se pueden realizar
simultáneamente para dos o más unidades taxonómicas. Este trabajo proporciona una descripción de cómo se desarrolló este procedimiento
matemático. Con base en la metodología aquí descripta, se desarrolló un paquete R de fácil descarga y uso gratuito (Ecoindicators, DOI:
https://github.com/lsaravia/EcoIndicators). Una de las ventajas de este método, y del paquete R mencionado, es que puede usarse para
cualquier ecosistema para el que exista un conjunto de datos biológicos adecuados asociados con factores ambientales. Además, tanto este
procedimiento matemático como el paquete al que se hace referencia, pueden ser adaptados por otros investigadores para que se ajusten a
sus propias necesidades.

Palabras clave—Impacto Antrópico, Índices Ecológicos, Ecología Matemática, Sustentabilidad
1



AN ALGORITHM FOR THE IDENTIFICATION OF INDICATOR TAXONOMIC UNITS DE LA VEGA HERNÁN et al.

INTRODUCTION

T he development of biological indices of environmental
status as a tool to assess anthropic impact is increa-

singly used in many systems (Melo-Merino, 2020). These
biological status indices are well developed for aquatic envi-
ronments but their development for terrestrial environments
is still incipient (Guerra et al., 2021). The European Water
Framework Directive, for example, required that all surfa-
ce waters in Europe have biological indices of water qua-
lity by 2015 (European-Parliament, 2000). However, the de-
velopment of reliable ecological quality indices requires not
only the identification of those biological units considered to
be indicators, but also the development of objective metho-
dologies for the construction of such indices. A current cha-
racteristic of the development of these indices is the general
lack of standardized tools and methodologies for the objec-
tive selection of variables and for their construction (Velás-
quez et al., 2007). The purpose of this work is to advance
in the design of such unbiased tools and the methodologies
that can be used for the construction of ecological system
state indices. Thus, we designed an algorithm to classify the
most relevant characteristics of ecosystems and estimate the
values of parameters considered of interest, using the presen-
ce and absence of certain taxonomic units. Such units consi-
dered here as the biological entities of different taxonomic
hierarchy used in this work, from samples of the same sys-
tem. The work started from a database of soil samples that
contain measurements of physical and chemical parameters
as well as the presence and absence in each sample of dif-
ferent taxonomic units as defined above. The samples were
obtained over two years of sampling in sites of different in-
tensity of anthropic use of the same soil. The identification of
the different biological units that make up the edaphic bio-
ta, as well as their interactions and dynamics, are difficult
to assess due largely to the methods necessary for their ex-
traction and the small size of the individuals that compose
it. However, the information gradually collected over deca-
des, is reaching the point where it is becoming possible to
focus the work on the development of comparative studies
on the structure and functioning of the edaphic biota. These
studies will then make possible the analysis of the stability of
the interaction networks for evaluating the state of different
ecological systems (Fortin et al., 2021) or of the same system
under different intensities of anthropic impact (Potapov et al.,
2019). As a first step, certain taxonomic units were selected,
called here “indicators” that were then used (observing their
presence or absence) to estimate from which environment a
soil sample came. As a second step, the presence or absence
of such units was used to estimate values of some physical
and chemical parameters of interest. To carry out this task
in an automated way with different databases, an algorithm
was developed that allows to complete all these stages in a
single step. The first problem addressed was to determine,
when receiving new soil samples, to which environment they
correspond. The focus of interest in this part, was to make
this classification taking into account those units present or
absent, regardless of the values of the chemical and physical
parameters of the samples. With that aim, it was first sought
to distinguish “indicator units” that, through their presence
or absence, increase or decrease the probability that a sample

belongs to a specific environment. With this information, and
observing only those presences or absences in new soil sam-
ples, the algorithm estimates which environment they come
from and assigns a probability to that estimation. In the follo-
wing section this procedure is detailed and in the final section
a test is carried out with a database corresponding to a soil of
the rolling pampas (Buenos Aires, Argentina). A second ob-
jective consisted in relating the presence of taxonomic units
(indicator units) in the samples with the levels of certain phy-
sical and chemical parameters of interest. This problem was
tackled by describing the intersection of the ecological niches
sensu Hutchinson (1957) of the groups present with respect
to those parameters.

To this end, it was necessary to choose a simple calculation
to obtain an approximation of the niches. A “grid” of the ran-
ges of the physical and chemical parameters of the database
was built and then a “convex capsule” from a representati-
ve part of the existing cloud of biological data was adjusted.
This whole process is described in the last section. It is al-
so intended for the entire procedure to be written in a free
language known to researchers in the area, with the intention
that it can be tested by other professionals and improved by
other developers.

Methodology: construction of the algorithm step by step.

The database has the structure (Figure 1) in which the co-
lumns are completed with measurements of physical and che-
mical parameters and of the gross abundances for each taxo-
nomic unit present in each of the samples obtained from a
same type of soil with different intensities of anthropic im-
pact.

PROCEDURE FOR ESTIMATING A SAMPLE BE-
LONGING TO A GIVEN ENVIRONMENT

From the samples obtained from an experimental design
and reaching the laboratory, the assignment probability that
relates a sample to a particular environment is calculated.
This step, to calculate the probability of assignment, begins
by considering the presence / absence (Figure 2) of the taxo-
nomic units present in the sample.

As indicated above, the algorithm considers the presence
or absence of each taxonomic unit, therefore, the columns of
the taxonomic units obtained from the database are transfor-
med into a matrix of zeros and ones. In this first version, the
number of samples from each environment is required to be
the same. So, the first matrix obtained is:

2



REVISTA DE MODELAMIENTO MATEMÁTICO DE SISTEMAS BIOLÓGICOS - MMSB, VOL. 2, No. 2, agosto 2022

Figure 1: Database structure. The samples come from the same soil subjected to three different intensities of anthropic use (environment).
Each line contains the physicochemical data and the taxonomic units found in each sample.

Figure 2: Trimmed table, containing only information about the taxonomic units present or absent. Each row is a sample with the values
corresponding to the number of individuals of each taxonomic unit found in that sample.

E =



e1,1
1 · · · · · · · · · e1,1

m
...

...
e1,k

1 · · · · · · · · · e1,k
m

e2,1
1 · · · · · · · · · e2,1

m
...

...
e2,k

1 · · · · · · · · · e2,k
m

...
...

...
... · · · el,i

j . . .
...

...
...

...
en,1

1 · · · · · · · · · en,1
m

...
...

en,k
1 · · · · · · · · · en,k

m



Where the term el,i
j indicates if there were appearances of

the species j in i the sample l. More precisely:

el,i
j =


1, if there were appearances of the species

j in the sample i of the environment l

0, if there were no appearances

Selection of indicator unit

The idea that is being tested here is to measure the dif-
ference between the expected and observed values. As the
number of samples k corresponding to each of the environ-
ments n is the same, if the appearance of each taxonomic unit
j were independent of the environments, it would be expec-
ted that the proportion of appearances of each taxonomic unit
in each environment was uniform. To specify the latter, let‘s
take a taxonomic unit j and add its occurrences in the envi-
ronment l, then add all its occurrences in the database, take
the quotient between the two and call that number Ol

j that is:

Ol
j =

∑
k
i=1 el,i

j

∑
n
l=1 ∑

k
i=1 el,i

j

were Ol
j gives the proportion of appearances observed, with
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respect to the total of appearances of the unit j, in the envi-
ronment l.

If the unit j were independent of the different environ-
ments, would be expected then that it your occurrence Ol

j be
approximately 1

n the same for each environment l = 1, . . . ,n
this is (O1

j
∼= O2

j
∼= . . .∼= On

j
∼= 1

n ).

We call E l
j this expected value and we have that E l

j =
1
n for

l = 1 . . .n and j = 1 . . .m. We test the hypothesis

O1
j = O2

j = . . .= On
j =

1
n with a standard Hypothesis Test

using the Chi-square distribution χ2 by:

χ
2 =

n

∑
l=1

(
Ol

j −E l
j

)2

E l
j

=
n

∑
l=1

(
Ol

j − 1
n

)2

1
n

If the value exceeds the threshold given by α = 0,05, the
hypothesis is rejected and it is considered that the occurren-
ces of that taxonomic unit vary between environments.

Units whose distribution is not uniform with respect to
the environments are called Indicator Units, and are those
in which their occurrences are not independent of the envi-
ronments being considered. A number r of indicator units is
thus obtained E j1 ,E j2 , . . . ,E jr . It is through their appearances
or absences the procedure seeks to determine the belonging
of a new sample to a certain environment.

To visualize this, the algorithm generates a graph with the
distributions of each unit in each environment and indicates
the number of total occurrences of each one in the database
(see Figure 6). This last datum is considered in the calcula-
tion above so as not to use units that appeared only a few
times to be of significance in the analysis.

Environment estimation

Once the Indicator Units have been obtained, we seek
to determine which particular environment it belongs to.
Specifically, the negation of the Null Hypothesis test (with
al pha = 0,05): "the observed proportion of that unit in that
environment is 1

n ïs used to construct the D matrix based on
the differences between the expected value E l

j and the obser-
ved occurrence rate Ol

j, so that each d1
j1 is equal to Ol

js −
1
n

D =



d1
j1 · · · · · · · · · d1

jm
...

...
...

... · · · dl
js · · ·

...
...

...
...

dn
j1 · · · · · · · · · dn

jm



where

dl
js =



Ol
js −

1
n , if the test found a difference

significant between the proportion
of observed partitions of the
indicator species js in the
environment l with respect to what
expected ( 1

n )

0, if the test found no significant
differences

The rationale is that these coefficients dl
js , before the ap-

pearance of a unit in a sample js, add or subtract probabilities
(or neither of those two things) that this new sample belongs
to a certain environment. For instance, suppose there are th-
ree different environments and the algorithm has selected two
indicator units. Furthermore, assume that the proportions of
occurrences of each indicator unit in each environment with
respect to its total occurrences (the values Ol

js ), were:

Indicator unit 1 Indicator unit 2
Environment 1 0.35 0.10
Environment 2 0.60 0.62
Environment 3 0.05 0.28

Suppose additionally that the tests carried out on each
unit in each environment to see if the observed proportions
deviate from those expected (which in this case would be
1
3
∼= 0,33) gives a negative value for Indicator Unit 1 in En-

vironment 1 and for Indicator Unit 2 in Environment 1. En-
vironment 3, then the array of values dl

js would be (rounding
the values):

Indicator unit 1 Indicator unit 2
Environment 1 0 -0.23
Environment 2 0.27 0.29
Environment 3 -0.28 0

where that 0 of Indicator Unit 1 in Environment 1 indica-
tes that the test did not find a significant difference between
what was observed and what was expected, and that 0,27 f
Indicator Unit 1 in Environment 2 indicates that the test did
find a significant difference. The algorithm then takes that
difference d2

1 = O2
1 −E2

1 = O2
1 −

1
3 = 0,60− 1

3
∼= 0,27, and

repeats the procedure with the other values of the matrix. A
concrete example of the construction of this matrix is given
in Figure 7 of last section.

As stated before, the idea is that these numbers add or sub-
tract probabilities that a sample belongs to a certain environ-
ment. For example, if Indicator Unit 1 appears in a new sam-
ple, Environment 2 will add 0.27 points to the probability
of that sample belonging to that environment while Environ-
ment 3 would subtract 0.28 points.

The way the procedure uses that information is as follows.
Suppose that a number q of new samples are received, all
from the same environment, an environment that the proce-
dure seeks to identify. To continue with the previous example
(with three Environments and two Indicating Units) suppose
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that we receive four samples in which the following quan-
tities of each Indicating Unit are recorded in each Environ-
ment:

Indicator unit 1 Indicator unit 2
Sample 1 0 5
Sample 2 3 20
Sample 3 0 30
Sample 4 8 10

The matrix is again translated so that it only contains pre-
sences and absences

Indicator unit 1 Indicator unit 2
Sample 1 0 1
Sample 2 1 1
Sample 3 0 1
Sample 4 1 1

Preserving the subscripts that have been used for the indi-
cator units, this matrix would then have the form:

M =



M1
j1 · · · · · · · · · M1

jm
...

...
...

... · · · Mh
js · · ·

...
...

...
...

Mq
j1

· · · · · · · · · Mq
jm


where

Mh
js =

{
1, if indicator unit js appears in sample h
0, if no appareances of that unit were registered

A vector of occurrences of the samples is then built that
contains, in each coordinate, several of the samples received
where there were occurrences of each unit:

A =

(
q

∑
h=1

Mh
j1 , . . . . . . ,

q

∑
h=1

Mh
jm

)
In the example provided it would be

A = (0+1+0+1,1+1+1+1) = (2,4)

Then the values of the matrix D should be added, (which
increase or decrease the chances of belonging to a certain
environment) according to the number of samples in which
there were appearances of each Unit. It is then calculated
R = A.Dt that it is the product between the matrix (the vec-
tor) A nd the transpose of the matrix D. In the example:

R=(2,4) .
(

0 0,27 −0,28
−0,23 0,29 0

)
=(−0,92,1,7,−0,56)

Each coordinate of the vector R corresponds to one of the
environments, in the example:

Environmen 1 Environmen 2 Environmen 3
( −0,92 , 1,7 , −0,56 )

The largest of these coordinates indicates the environment
the procedure is looking for. That is, the procedure considers
that the set of samples corresponds to the environment who-
se coordinate has the highest value in the vector R. In the
example it corresponds to Environment 2.

Estimations validation

Even before receiving new samples of the system, it is of
great interest to test the operation of the algorithm. One stra-
tegy for this is to take the original database and take some
random samples from it from the same environment, as if
they were new samples, run the algorithm and verify if it is
correct in the prediction, errs in the prediction or it is not able
to give an answer regarding which environment the samples
belong to. Let‘s go back to the matrix E. The rows in this ma-
trix contain all the samples in the database and in each of the
lines there are zeros or ones according to whether or not there
are occurrences of each unit in the base. Here, the algorithm
separates this matrix into three sub-matrices containing each
of the samples from a single environment, as:

E1 =

 e1,1
1 · · · e1,1

m
...

...
e1,k

1 · · · e1,k
m

 , E2 =

 e2,1
1 · · · e2,1

m
...

...
e2,k

1 · · · e2,k
m

 ,

. . . . . . . . . ,En =

 en,1
1 · · · en,1

m
...

...
en,k

1 · · · en,k
m


The algorithm now randomly chooses one of these matri-

ces and a random sample from that matrix, runs the process
as if it were a new sample and determines if it was correct
in the prediction, erred in the prediction or could not give a
prediction. It repeats this process n times and calculates the
percentage of hits, misses, and no prediction results. Subse-
quently, it repeats the process described above, but this time
taking two samples from each environment (instead of one).
Then it takes three samples from each environment and so
on up to thirty samples from each environment or the ma-
ximum possible if the database does not contain that many
samples per environment. The algorithm then returns three
graphs (hits, misses and no prediction) displaying the pre-
vious calculations, which gives an idea of the accuracy of the
predictions. In the example shown in last section the resulting
graphs are shown for the example given here (Figure 8).

ESTIMATION OF PHYSICAL AND CHEMICAL
PARAMETERS FROM THE UNITS PRESENT

When trying to link biological, physical and chemical da-
ta, several problems immediately appear, some of them quite
obvious: The number of variables is usually very large and
the necessary computing power exceeds the capacity of the
available resources. The choice of the way forward becomes
difficult if one wants to simplify the problem.

Niche approximation

For its practical application, the interest is usually focused
on relating only a limited number of physical and chemical
parameters with only some of the units. Thus, we select a
quantity “c“ of physical and chemical parameters that here
are called “p1, p2, . . . , pc“ and a taxonomic unit “e“. If in a
sample of the database there is an occurrence of the unit “e“,

5



AN ALGORITHM FOR THE IDENTIFICATION OF INDICATOR TAXONOMIC UNITS DE LA VEGA HERNÁN et al.

Figure 3: The entire point cloud according to[
maxp1 ,minp1

]
×
[
maxp2 ,minp2

]
× . . .×

[
maxpc ,minpc

]
a vector (v1,v2, . . . ,vc) can be built with the values registered
in that sample of the parameters “p1, p2, . . . , pc“. Performing
this task for all samples in which there is an occurrence of
the unit taxonomic “e“,we obtain a çloud.of points in space
Rc.

In the cases c = 1,2,3 that point cloud can be graphed.
Now let’s take the ranges in which each parameter of in-

terest moves, in this way we obtain for each parameter “p j“
a value “maxp j “ and a value “minp j “ with which a "hyper-
cubeïs constructed that contains the entire point cloud that
represents the presence of the taxonomic unit “e“.

The hypercube containing the total point cloud for the ta-
xonomic unit e can be segmented by choosing a number d
that will divide each interval

[
minp j ,maxp j

]
obtaining

smaller hypercubes called dc in which c is the number of se-
lected physical-chemical parameters and d is the number of
times each number of the physical-chemical parameters will
be divided in. The choice of these values will be subject to
the computing power of the computers and can be selected
based on the researcher’s criteria.

In the case c = 3, of the three-dimensional case shown,
there are many algorithms capable of constructing the “con-
vex capsule” of the point cloud as a way to approximate the
niche of the species with respect to the three particular para-
meters chosen.

The point cloud can be observed within different squares
(figure 4) of resolution d representing the hypercubes dc. The
number of occurrences of the taxonomic unit e in each hy-
percube dc is recorded to obtain a "fit"value from the point
cloud.

Parameter estimation

Point clouds for the occurrence of two taxonomic units ta-
king into account the same physicochemical parameters, co-
occur in a few hypercubes (figure 5). Then the intervals can
be limited under observation of the physicochemical parame-
ters. The algorithm distinguishes the hypercubes where there
were appearances of the taxonomic units by collecting and
ordering the information. Hypercubes are labeled by dc

Here we tried two different approaches:
In the first one, for each taxonomic unit, the occurrence

number for each hypercube is obtained. An “occurrence” ma-
trix is created that shows the number of occurrences of each
unit in each cube. In this matrix, the rows m are the database

Figure 4: Different resolutions of the point cloud according to the
size of the cells or grid resolution.

samples and the columns are the hypercubes dc, so each va-
lue ai, j indicates the number of samples in which the unit i
appears in the j cube.

This matrix is tedious to calculate and requires time. For
this reason, the algorithm exports the matrix obtained as a
csv file and later reads the values directly from that file. The
algorithm, on the one hand, returns which taxonomic units
appear in a sample and in which hypercube dc they are found.

On the other hand, given a number of taxonomic units then
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Figure 5: Superposition of the cloud of points corresponding to
two taxonomic units and a grid that represents hypercubes dc. The

shaded area corresponds to the hypercubes in which the joint
appearance of both taxonomic units occurs.

it returns the samples, from the database, in which all those
taxonomic units appear at the same time and in which cubes
they appear. Also, given a number of taxonomic units, it re-
turns how many times all those units appear together in each
cube. Each of the described steps are used to create a fun-
ction that returns the hypercubes where the taxonomic units
occur and the probability of being in a certain cube (knowing
that all those units appeared in that sample).

As a second approach, m vectors are created (one for each
species) of dc coordinates (one for each cube). Each one of
these vectors, contains either a 1 if that particular species
appears at least once in a given cube, or a 0 if it never ap-
peared in that cube. These vectors are easier to calculate than
the matrix “appearance” described above, because it contains
less information. These approach saves processing time and
computer resources, but some other calculations cannot be
performed this way.

If we then choose a certain number of species and want
to visualize in which cubes they appear together, we only
need to obtain the product, coordinate by coordinate, of the
vectors of each species, and look in which coordinate each
species appear a 1.

INDICATOR UNITS WITHIN THE GRID

Indicator units are characterized by appearing more in cer-
tain environments than in others (Dufrêne and Legendre,
1997). Proceeding as in the previous section, those physi-
cochemical parameters of interest are chosen and the corres-
ponding grid is made, with which more information can be
obtained on how the difference between the expected and ob-
served proportion of the units in each environment occurs. If
we observe one indicator unit within the grid, the difference
between the expected and the observed proportions in each
cube can be calculated, which allows to visualize cubes (or
“zones”, sets of cubes) where the difference is greater. To do
this:

A function is created that indicates the number of times
and the percentage in which each cube appears in each envi-
ronment.

The number of times and the percentage in which each cu-

be appears in the entire database is calculated (without dis-
criminating between environments).

With the above data, a matrix is built that has in each row
the number of times each cube appears in each environment
and in total.

Given a unit, the number and percentage of occurrences
in each cube discriminated by environment are recorded (the
number and percentage of occurrences in each cube having
already been calculated without discriminating by environ-
ment).

With the previous data, a matrix is constructed that in each
row shows the number of occurrences of the unit in each cu-
be, discriminated by environment and in total.

The next step is to build a matrix called “Projections” that
shows an estimate of how many times the unit should appear
in each cube in each environment, assuming that its appea-
rances were independent of the environment. Specifically, if
we call:

ci, j to the number of times the cube appears i in the en-
vironment j

ai to the number of appearances of the unit in the cube i
in total (without discriminating by environment)

ci to the number of times the cube appears i in total
(without discriminating by environment)

then the Projection matrix has in place the (i, j) value

ci, j .ai

ci

as an estimate of the number of times the unit should appear
in the cube i in the environment j

The difference between the last two matrices is then cal-
culated, and shows the difference between the observed and
the expected appearances of the unit in question in each cube
and in each environment. This difference is also calculated
as a percentage. These differences are displayed using histo-
grams. This visualization becomes more relevant as long as
the number of cubes is not too large.

A CONCRETE EXAMPLE OF HOW THE ALGO-
RITHM WORKS

Example of Environment Estimation.

This section shows a concrete example of the use of the
described process and the calculations and results obtained
for that case. The database used in this example corresponds
to a soil from the Pampean plain (Buenos Aires, Argenti-
na). Each sample in this database collects measurements of
fifteen physical and chemical parameters and the presence
or absence of forty-three taxonomic units. The database has
216 samples in total corresponding to three different environ-
ments (72 samples from each environment). Environment 1
corresponds to a naturalized grassland (NG), Environment 2
to a grazing field that shifted to agriculture two years before
the start of the samplings (CG), and Environment 3 is an en-
vironment of continuous intensive agriculture for at least 40
years (AG). The procedure begins with the selection of the
indicator units, for them the matrices described in the section

7
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“Selection of indicator unit” are calculated. Here (see Figure
6) the graph is shown where the difference between the ob-
served and expected occurrences expressed as percentages is
observed. In this case, as there are three environments, the
value of the expected proportions (if the units were indepen-
dent of them) is 1

n = 1
3 and it is represented by a horizontal

line.
The procedure goes as in the section “Environment Esti-

mation” and a coefficient matrix D:

rho par vei eup Mic Euk
NG 0,00 −0,33 0,00 −0,22 0,42 −0,33
CG −0,22 0,66 −0,33 −0,33 −0,28 0,66
AG 0,24 −0,33 0,29 0,55 −0,14 −0,33

rho = rhodacaroidea par = parasitoidea
vei = veigaioidea eup = euphthiracaroidea
Mic = Micdub Euk = Euker

Now suppose that samples of the same type of soil were re-
ceived but about their environments (or management) we do
not know, and this process is used to determine which envi-
ronment/management they belong to. As described in section
“Environment Estimation”, we take the coordinates corres-
ponding to the indicator units and they are replaced by 0 if
there were no occurrences of the units in that sample and 1 if
there were. Then:

rho par vei eup Mic Euk
Sample 1 0 0 0 0 1 0
Sample 2 1 0 1 0 0 0
Sample 3 0 0 1 0 1 0

For instance, sample numbers 27, 35, and 36 of the database
give these results and all three belong to the same NG envi-
ronment.

The values of the samples are added:

rho par vei eup Mic Euk
Sum 1 0 2 0 2 0

The product between this last vector is then carried out with
the transpose of the matrix D:

(
1 0 2 0 2 0

)
.


0 −0,22 0,24

−0,33 0,66 −0,33
0 −0,33 0,29

−0,22 −0,33 0,55
0,42 −0,28 −0,14

−0,33 0,66 −0,33

=

=
(

0,84 −1,44 0,54
)

That is:

NG CG AG
0,84 −1,44 0,54

As the largest of the numbers corresponds to the NG envi-
ronment, it is concluded that the samples come from that en-
vironment.

In this case, the prediction coincides with the actual origin
of the samples. As described in section “Estimations vali-
dation”, this process was carried out several times with one
sample, with two samples, with three samples, and so on. The
percentages of hits, misses, and times in which the algorithm
cannot decide which environment the set of received samples
belongs to are then calculated. The percentages are shown in
Figure 7.

Example of Estimation of parameters from the units
present.

In this example, the physical-chemical parameters that ha-
ve been chosen (Sandler, 2019) were P, OM and N. It can
be observed that the minimum and maximum values recor-
ded for P are 0.00 and 75.78; those corresponding to OM are
1.51 y 9.2, and those of N are 0.14 and 0.51. Each of these
ranges is divided into 3 parts (d=3) and a “grid” formed by
27 cubes is obtained as shown in Figure 8.

From the observation of the appearances of each unit
within the grid, the procedure goes as described in section
“Parameter estimation”.

For example, the simultaneous appearance of the units
Onychiuridae, Isotomidae, Eupodoidea and Aporos is detec-
ted only in samples that appear in the cube delimited by
0,00 ≤ P < 25,26, 4,08 ≤ Mo < 6,66 y 0,26 ≤ N < 0,39
(Figure 10).

The simultaneous appearance of the units "Hypogastruri-
dae", Çrotoniodea", and “Juveniles” is only detected in sam-
ples that appear in the cube delimited by 0,00 ≤ P < 25,26,
4,08 ≤ Mo < 6,66 and 0,14 ≤ N < 0,26 in the cube de-
limited by 0,00 ≤ P < 25,26, 4,08 ≤ Mo < 6,66 and
0,26 ≤ N < 0,39. Joining both cubes it can then be deter-
mined a zone of simultaneous appearances is delimited by
0,00≤P< 25,26, 4,08≤Mo< 6,66 and 0,14≤N < 0,39
(Figure 11).

Example of Indicator units within the grid

Let‘s now take the parameters P, Mo y N as in the previous
subsection and build the same division into cubes. Let us also
take the indicator unit Rhodacaroidea and compare its distri-
bution in each cube in each environment with the expected
distribution if the appearances of the unit were independent
of the different environments.

The three graphs that are in the upper part of Figure 12
show how many times that unit appears in each cube and
in each environment (cubes numbered here from 1 to 27).
The three graphs in the lower part show how many times it
should appear under the hypothesis of independence of envi-
ronments.

It can be seen in Figure 6 that the unit Rhodacaroidea
(with the number 7) appears more frequently than expected
(which in the example is 33 percent) in environment 3 (envi-
ronment AG), less frequently than expected in environment
2 (CG) and with the frequency expected in environment 1
(NG). These differences between what is observed and what
is expected can be found in some aspects of Figure 12. It
can be seen, for example, that in the cubes that appear with
the numbers 1, 4, and 5, there is a marked difference upwards
(between expected and observed) in the AG environment and

8



REVISTA DE MODELAMIENTO MATEMÁTICO DE SISTEMAS BIOLÓGICOS - MMSB, VOL. 2, No. 2, agosto 2022

Figure 6: All taxonomic units labeled with numbers are shown. Total number of occurrences of the tagged taxonomic units. The vertical
axis represents the rate of occurrence of a taxonomic unit, the limit 0.33 is the expected value E l

j. Vertical dotted lines are those indicator
species. Environments are represented by colors. Environment 1 = black Environment 2 = red Environment 3 = green. The units selected

as indicators are Rhodacaroidea; Parasitoidea; Veigaioidea; Euphthiracaroidea; Microscolex dubius; Eukerria stagnalis.

It shows the observed proportions in each environment, and they are represented by color dots.

a marked difference downwards in the CG environment.

CONCLUSIONS

Although this method was originally developed using a
soil biota database (Sandler, 2019), it will work just the
same in any other environment or ecosystem for which
there is a suitable database of biological entities, associated
with an environmental dataset. The algorithms developed
and put together in this new method not only allow for the
identification of indicator taxonomic units (depending on
the taxonomic resolution available to the user), but also
to approximate their ecological niches and, given a new
sample, to estimate the physicochemical parameters of
the site according of the species present in that sample.
One of the main advantages of this method is that it can

be used for any ecological system for which there is a
suitable biological dataset associated to environmental
factors. Another useful feature, is that it requires only
presence/absence data. Researchers that also have density
data, can modify and improve the method by tailoring it to
their datasets. Thus, we feel that this contribution will be of
interest for researchers developing indicators of ecosystem
state. Moreover, the entire procedure was then converted
to “Ecoindicators” Duhour et al. (2021), an R package
that performs all the required tasks. The package (DOI:
https://github.com/lsaravia/EcoIndicators) is free to use and
to be improved by any researcher, with proper citation.
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Figure 7: Percentages of hits, no-decisions, and misses calculated.

Figure 8: Cube built with Nitrogen (N), Phosphorous (P), and
Organic matter (OM) environmental factors.

Figure 9: Cube built with N, P, and OM, showing the presence of
the Onychiuridae taxon in a grid of the environmental variables N,

P and OM.

Figure 10: Simultaneous occurrence of taxonomic units
Onychiuridae, Isotomidae, Eupodoidea and Aporos.

Figure 11: Simultaneous occurrence of taxonomic units
Hypogastruridae, Crotoniodea, and Juveniles.
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Figure 12: Observed (upper panels) and expected (lower panels) occurrence of unit Rhodacaroidea in the three environments being
compared. Natural grassland (NG), Cattle grazing (CG), and Agriculture (AG).
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