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a b s t r a c t

Fish scales have been used to differentiate fish species and to give information on water pollution, besides
others different purposes. In the present work, we are proposing, for the first time to our knowledge, to
available the absorption from fish scales with Fourier Transform Infrared Photoacoustic Spectroscopy
(FTIR–PAS) to assess the environmental integrity of different habitats. The infrared absorption measure-
ments were performed directly on fish scales from the Astyanax altiparanae species, in order to check if
the scales, and consequently the species, can be used as environmental bioindicator. The main absorption
intensities were used as variables in the multivariate statistical analysis. It was noted that the chemical
composition of the scales is directly related to the available food in the habitats, which is related to the
integrity level of the environmental. The results point the fish scales as bioindicator to be applied with
FTIR–PAS for monitoring aquatic ecosystems.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Streams are in general, aquatic ecosystems of small extensive-
ness with well-defined characteristics. Because of their limited
flow, they are strongly sensitive to anthropogenic actions [1,2]. In
streams, the impacts of these actions lead to the loss of integrity
in the ecosystem, which is commonly evaluated through water
quality tests of the dissolved oxygen, pH, temperature, electrical
conductivity and through the physical structure of the habitat
[3]. However, in some cases, these parameters are not sufficient
to evaluate the ecosystem integrity, indicating that the search for
other biological indicators must be encouraged.
Due their sensitivity and responsiveness to changes in water,
aquatic organisms have been used as bioindicators [4]. Among
them, fishes are those of great interest, mainly because they bioac-
cumulate substances of the environment [5]. Different fish species
(or their parts, such as scales) have been extensively explored at
the literature as bioindicators [3,6]. It is well known that fish scales
consist of different organic compounds, water and minerals, and
they have two distinct faces: the so-called inside face, which is
smooth, fibrillar and contains a higher concentration of collagen;
and the outside face, which is bony and rough, and is composed
of a single mineral phase of calcium deficient hydroxyapatite
[7–10]. Environmental reports of fish scales are gaining impor-
tance, mainly in the use of scales for determining fish diet,
phylogeny, DNA extraction, differentiation of species, sexual
dimorphism, growth and the pollution status of the water body
[4,12–20]. However, most of these studies use only morphometric
measurements to obtain and interpret the results.
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Fourier Transform Infrared Photoacoustic Spectroscopy (FTIR–
PAS) is an efficient and versatile technique that, combined with
multivariate statistical analysis, has provided different studies in
biological systems samples [21,22]. The technique has been
applied in studies of fungi and bacteria [23–25] and more recently
was employed to identify plant diseases [26], to differentiate castes
and species of ants [27,28], to characterize the pheromones of
wasps [29] and to differentiate fish species by analyzing directly
the fish scales [18]. Particularly, in the study performed by
Almeida et al. [18] the FTIR–PAS analysis showed that the protein
concentration of the scales is directly related to the diet and
showed that the methodology can verify the influence of environ-
mental characteristics on the metabolism of the fish.

In this work we propose to apply, for the first time to our
knowledge, the FTIR–PAS directly in fish scales in order to access
differences in their chemical composition and relate them with
the environmental characteristics. Scales of Astyanax altiparanae
species was chosen to the research because it has great adaptive
exploratory capacity and a wide geographical distribution, which
classify the species as bioindicator [30]. Then, considering that all
potential water contaminants or compounds that alter biological/-
chemical water characteristics can interfere in fish physiology,
which is reflected directly in the fish scales composition, our study
aimed to verify the potentiality of the methodology applied in
scales of A. altiparanae species in order to classify the scales as
bioindicators.
2. Materials and methods

The fishes were sampled in three streams (stream #1: ‘‘Curral
de Arame,’’ stream #2: ‘‘Laranja Doce,’’ and stream #3: ‘‘Água
Boa’’) from the Ivinhema River Basin, Upper Paraná River, Brazil
(Fig. 1). These selected streams have their own characteristics
and can be distinguished by integrity level using as reference the
habitats conditions, such as riparian vegetation, dissolved oxygen
concentration and electrical conductivity. Stream #1 is defined to
have high integrity, because its source is far from an urban area
(Fig. 1), it has preserved riparian vegetation, with high dissolved
oxygen concentration (�7.3 mg L�1) and the electrical conductivity
of the water is approximately 73 lS cm�1; stream #2 is considered
to be moderately impacted, although its source is away from an
urban area (Fig. 1), it has a riparian vegetation that is not totally
preserved. The electrical conductivity of the water for this stream
is �161 lS cm�1, which is considerably higher (�61% greater than
the limit established by the ‘‘Norma Técnica da Companhia
Fig. 1. Map indicating the three streams wher
Ambiental do Estado de São Paulo’’ [31]) and dissolved oxygen con-
centration of approximately 6.9 mg L�1, and part of its course
crosses an urban area. Stream #3 is definitely the most highly
impacted stream, because its fount is within the Dourados urban
area (Fig. 1), and its water electrical conductivity is
�343 lS cm�1 (�3.4 times higher than the established limit) with
low dissolved oxygen concentration (�4.5 mg L�1). The course of
stream #3 is noted by the presence of underwood, and much of
the riparian vegetation is degraded. Stream #3 receives anthro-
pogenic influence, including sewage and waste discharge from
the urban area.

Immediately after being collected, the fishes were fixed in 10%
formalin to be transfer to the laboratory, where they were trans-
ferred to bottles of 70% alcohol. From each stream, 15 fishes were
selected, and we removed 5 scales from the humeral portion of
each fish, totaling 45 fishes and 225 scales. Based on infrared spec-
troscopic preliminary analyzes, the humeral region was chosen to
exhibit more intense absorption peaks of its chemical composition.
After removal, the scales were washed in distilled water, sand-
wiched between glass slides and were placed in an oven at 60 �C
for 40 min. Before analysis in the infrared spectrophotometer, the
scales were kept in a vacuum oven for 48 h to remove all humidity.

FTIR–PAS was performed with a Nexus 670 spectrophotometer
from Thermo Nicolet linked to a photoacoustic cell for detection in
the spectral range from 4000 to 400 cm�1, which covers the finger-
print spectral region (1700 and 400 cm�1). Throughout the exper-
iment, the spectrophotometer was purged with dry air and the
photoacoustic cell was purged with helium gas. A carbon black ref-
erence was used for background correction, and a new reference
background spectrum was taken for each of the eight spectra, with
a resolution of 16 cm�1 and 128 scans for each sample. The spectra
were initially collected for both the internal and external faces of
the scales.

From the obtained spectra, 11 more intense absorption peaks in
the midinfrared region were chosen, and the relative absorption
intensities of the peaks were separated in a matrix for statistical
analyses, in which the wavenumber of each peak was used as vari-
able. Discriminant function analysis was used, so a linear combina-
tion of variables that best explain the differentiation between
scales could be found [32]. In this specific case, the statistics were
used to relate the chemical composition due amide composition
obtained from the scales, to the environmental integrity of the
streams.

A scanning electron microscopy (SEM), a ZEISS EVO LS-15
equiped with one Oxford Inca x-act detector (Oxford
Instruments, Abingdon, Oxfordshire, UK) for energy dispersive
e the A. altiparanae specie were collected.
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microanalysis (EDS), was used to obtain images of the scales and
chemical composition information. For this, the scales were fixed
in the sample holder with Carbon and a thin Au was deposited
on each inside and outside faces of the scales.

3. Results and discussion

The average of the photoacoustic absorption spectra obtained
for scales of the A. altiparanae species, sampled in the three studied
streams, shows that the inside and outside faces from stream #1
exhibit very similar spectra whereas the spectra for streams #2
and #3 are quite different (Fig. 2). This is related to the heat diffu-
sion length in a sample, ls, during the photoacoustic measurement.
The ls value represents the sample thickness that is contributing to
the absorption signal, which in our case means that it depends on
the thicknesses of scales. As is known, ls is proportional to the
thermal diffusivity of the material, a (lm2/s), and inversely propor-
tional to the modulation frequency of the incident light, f (s�1), so
that these parameters are connected by the equation ls = (a/pf)0.5

[33]. In our procedure, these parameters were used for the
extremes f = 1264 and 126.4 Hz. By estimating a � 2.2 � 105 lm2/s
(approximately the natural nanostructured hydroxyapatite ther-
mal diffusivity [34]), it can be expected that the depth ls is
between 7 and 24 lm in our samples. In this case, for the scales
from fish collected in stream #1, the average thicknesses (28 ± 2)
lm is closer to ls estimated value, indicating that infrared absorp-
tion analysis are not able to distinguish between both faces of the
scales. The same was not observed for the scales from fishes sam-
pled in streams #2 and #3 because the average thicknesses of the
scales were (82 ± 8) and (96 ± 5) lm, respectively, which are bigger
than ls.

To better understand the main responsible for different absorp-
tions in each face of scale, SEM images were obtained for inside
((a), (c) and (e)) and outside ((b), (d) and (f)) faces of scales from
each stream (Fig. 3). By the images can be noted a similarity among
inside faces for the scales from the three streams, and also among
inside (a) and outside (b) faces for scales from fished collected in
the stream #1. This fibrillary layer is characteristic from collagen
fibers and is expected for inside face of scales or for scales
extracted of young fishes, in which the osseous structure is less
pronounced. The superficial osseous layer is expected to be
observed in the outside face ((d) and (f) for streams #2 and #3,
respectively) of the scale. So, it is possible to state that fish scales
of stream #1 has low superficial osseous layer, probably due the
fishes from this stream are younger.

The SEM images together with the FTIR–PAS indicates that the
collagen concentration in a scale is in highest concentration in
Fig. 2. Average photoacoustic spectra from inside and outside faces for scales of the
A. altiparanae specie, from the streams #1, #2 and #3.
the inside face and it can be observed in scales from all studied fish
samples. Because this result we decided to investigate the inside
scale face to investigate the vibrational modes of collagen in the
scales. Furthermore, once hydroxyapatite concentration is not evi-
dent in all scales sampled, the portion around 1000 cm�1 in the
infrared spectra were not considered for statistical analysis; only
the absorption peaks with wavenumber higher than 1200 cm�1

were considered, which represent the composition of collagen
(amide and amine).

The average spectra of the inside face for each stream are plot-
ted to indicate with arrows the absorption peaks (vibrational
modes) that were selected for statistical analysis (Fig. 4). The func-
tional groups of these peaks were identified from reference data
(Table 1) [11,35]. For each stream, the peak intensity values were
used to assemble a matrix for multivariate statistical analysis.
From this analysis, the first and second canonical roots were
obtained with the F and p factors for each variable (functional
group) (Table 1).

The dispersion diagram for the first and second canonical roots
of the statistical analysis were determined (Fig. 5), from which
Wilk’s Lambda = 0.40, F = 11.552, and p < 0.001. This result showed
a significant difference between the fish scales from different
streams; the first canonical is the most significant root, explaining
81.5% of the variation in the data, and the second canonical root
explains 18.5% of the variation. Together, both canonical roots
explained 100% of the results, and this complete explanation is
very significant in the description of a natural system.

Based on the statistical interpretation, the observed separation
in the first canonical root is associated with differences in the
absorption intensities of the main chemical functional groups of
the scales. It reflects very well the streams characteristics
described before, indicating correspondences between the avail-
able foods in streams with the scales chemical composition. This
evidence can be confirmed by interpreting the 11 peaks selected
for statistical analysis, since four of them were most significant:
1234, 1396, 2969 and 3309 cm�1. Between them, only the
1234 cm�1 (CAN = Amide III) and 2969 cm�1 (CH3) peaks were
the most important in explicating the separation of the first canon-
ical root: the peak at 1234 cm�1 was responsible for moving the
ellipse for stream #3 to the positive side in the first canonical root;
this shift is caused by the feeding habits or the food types that are
available in the environment, which is known to have a strong
influence on a great number of fish species [36,37]. It can be
expected that protein concentration is in excess in stream #3,
because the water has a higher electrical conductivity and conse-
quently, a greater accumulation of organic matter.

In the opposite direction, the peak at 2969 cm�1 (CH3) was sig-
nificant in the first canonical root for stream #1, because it brought
the ellipse to the negative side. This functional group is related to
the radical protein compounds: the higher rate of CH3 in the fish
scales from stream #1 indicates that there is a greater accumula-
tion of this compound in the collagen structural chain, more than
found in the fish from the other two streams. This accumulation
is associated with the low calcination of these scales and is also
from the greater quantity of food that has CH3 as a component.
Ibañez et al. [20] found that the availability, type of food and the
different environments in which the fish is inserted are parameters
sufficient to cause differences in the scale. The authors noted that
in less impacted sites, as our stream #1, an increase is observed in
the consumption of aquatic and terrestrial arthropods followed by
algae and sediment, and in more impacted sites, the most signifi-
cant food resources were sediments and terrestrial plants. This dif-
ference can influence the observed in the concentration of CH
vibrational modes analyzed by FTIR–PAS.

EDS analyses were performed to quantify the concentration of C
and N from SEM images of scales inside faces ((a), (c) and (e) in



Fig. 3. Scanning electron microscopy images for fish scales from A. altiparanae specie sampled in the streams #1 (a and b), #2 (c and d) and #3 (e and f). The images (a), (c) and
(e) represents the inside faces and the (b), (d) and (f) represents the outside faces.

Fig. 4. Average photoacoustic spectra from inside faces for scales of the A.
altiparanae specie, from the streams #1, #2 and #3.
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Fig. 3) from streams #1, #2 and #3. The results shown that fish
scales from stream #1 have concentration of Carbon around
60 wt.%, which is approximately 20% higher than those ones from
streams #2 and #3 (�50 wt.%). This agrees with the statistical
interpretation described above, which showed that the scales from
stream #1 are localized in the left side of the dispersion diagram
(Fig. 5) due the mas CH3. By other side, fish scales from stream #3
exhibit concentration of Nitrogen approximately 1.6 times higher
than those ones from streams #1, which also corroborates to the
statistical analyses: ms CAN functional group is responsible to bring
the ellipse for stream #3 to the positive side in Fig. 5.

It is well known that biotic and abiotic variations lead to change
in the diet of fish, and many fish species change their diets based
on environmental factors. Therefore, the availability of food
depends on the condition of the environment in which the individ-
ual is inserted and this variation particularly occurs in species that
have higher food plasticities, such as A. altiparanae [3,37]. Ibañez
et al. [20] stated that the morphology and chemical composition
of fish scales can be adjusted by seasonal, location or habitat vari-
ability and also by availability and characteristics of food, leading
to a differentiation of phenotypic characteristics.

The influence of food is so significant that it is directly linked to
the protein and lipids content, or to the other chemical properties
of the body or from the tissue [38,39]. Essential amino acids shape
the amide proteins to maintain the cellular functions of the organ-
isms, and some of these amino acids are not produced directly by
the organism but must be acquired through food. Therefore, not
only the presence of the food and its availability in the environ-
ment but also the chemical of food is important to the organism



Table 1
Selected peaks, wavenumbers, functional groups, vibrational modes and the obtained data from the statistical analyze. The bold lines indicate the most significant peaks obtained
by the statistical analysis.

Peaks Wavenumber (cm�1) Functional group Vibrational mode Root 1 Root 2 F p (<0.05)

1 1234 ms CAN (Amide III) Stretch 2.419 0.163 8.699 0.001
2 1334 mas CNH (Amide II) Stretch-open, cis �0.354 0.185 0.578 0.566
3 1396 d CAN (Amide I) Stretch �2.776 1.644 7.007 0.002
4 1457 d CNH (Amide II) Stretch-bend, cis 1.247 �0.561 2.156 0.132
5 1542 d CNH (Amide II) Stretch-bend, trans 0.650 �1.930 2.539 0.094
6 1666 m C@O (Amide I, II and III) Stretch �0.171 0.674 0.393 0.677
7 2877 ms CH3 Symmetric stretching 2.132 �1.246 2.007 0.150
8 2931 mas CH2 Antisymmetric stretching 1.513 �2.731 1.690 0.200
9 2969 mas CH3 Antisymmetric stretching �5.203 3.168 13.349 0.001

10 3077 mas NH2 (Amide B) Antisymmetric stretching 1.472 �0.180 1.367 0.269
11 3309 ms NAH (Amide II also called Amide A) Stretch trans 0.790 1.640 3.728 0.035

Canonical Root 1
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Fig. 5. Dispersion diagram determined by the statistical analyzes.
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[37,40]. A. altiparanae fish species is considered to be omnivorous,
i.e., it eats plants and animals in balanced proportions, and this
species is also generalist/opportunistic because it can feed on dif-
ferent food items in its diet [41,42]. This characteristic indicates
that it can consume several food types, such as detritus/sediments,
plants and insects. Souza and Lima-Junior [3] found in their study
of the diet of A. altiparanae that food consumed by this species may
differ based on the quality of the environment in which the species
is inserted.

The second canonical root differentiated the streams according
to the sub-basin to which the streams belong. In this sense,
although all of the streams belong to the Ivinhema River Basin,
Upper Paraná River, streams #1 and #3 are tributaries of the
Dourados River, whereas stream #2 is a tributary of the Brilhante
River. These sub-basins are separated by approximately 200 km,
which can generate isolation and subsequent genetic differentia-
tion between these analyzed subpopulations. This assumption will
be confirmed in the future by considering more sub-basins of the
Ivinhema River Basin.
4. Conclusions

The results showed that scales of A. altiparanae species is an
appropriate bioindicator for environmental monitoring when their
chemical composition is investigated directly by the Fourier
Transform Infrared Photoacoustic Spectroscopy combined with
multivariate statistical analysis. The used methodology is an effi-
cient and very important tool for analyzing differences in the
chemical composition of fish scales, which are related to the
environmental conditions.
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