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The European WFD (2000/60/EC) requires the assessment of the ecological quality status of water
bodies, and gives great importance to the biological components of the ecosystem. A multimetric,
fuzzy-based index for the evaluation of environmental quality (FINE: Fuzzy INdex of Ecosystem
integrity) has been developed. The FINE index was calculated at 7 sites in the Sacca di Goro and the
Valli di Comacchio (Adriatic Sea), where water and sedimentary chemical data were available for the
years 2004 and 2005. A significant positive correlation was found between FINE values and dissolved
oxygen, while significant negative correlations were observed between FINE values and transparency,
nitrogen and phosphorous in the water column, and heavy metals and PCB in the sediments.
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1. Introduction

The general objective of the European Water Framework Directive (WFD, 2000/60/EC) is
to achieve good status for all surface waters by 2015. For this purpose, the WFD requires the
classification of ecological quality status (EcoQ) of all water bodies into five status categories:
BAD, POOR, MODERATE, GOOD and HIGH. Biological, hydromorphological and physical-
chemical elements are to be taken into account for the quality assessment, with priority of
the biological elements on the other ones. Therefore, the WFD recommends the development
and application of biotic indices, which are straightforward and easy to present to potential
end users.

With regard to estuarine and coastal waters, most indices proposed so far are based on
the communities of benthic invertebrate fauna, which integrate environmental conditions and
changes in a very effective way [1]; the most used ones are AMBI [2], BENTIX [3] and BQI
[4]. Their application in brackish environments, however, appeared not always satisfactory [5],
and the comparison amongst them showed controversial results [6–10]. The other biological
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elements suggested by the WFD for the quality assessment of transitional waters, namely
phytoplankton, other aquatic flora and fish communities, have also been recently considered
for the development of new classification tools [11–16]. Several of these indices are based on
the concept of sensitive/tolerant species, deriving information from literature or, as in the case
of BQI, from very large datasets.

Several authors, e.g. [1, 17] point out that none of the available measures on biological effects
of pollution should be considered ideal: the use of a single approach does not seem appropriate
due to the complexity inherent in assessing the environmental quality of a system. This issue is
particularly relevant in naturally highly variable environments such as coastal lagoons, often
inhabited by communities of only a few species, most of which are tolerant of disturbance [17]:
methods based on species richness or sensitivity might be unable to identify anthropogenic
impacts in these environments. Moreover, different biological elements may react in different
ways to disturbances, because of (a) differences in the reaction to anthropogenic impact factors
and (b) different acclimation ranges with respect to natural abiotic factors [18].

A more ecologically robust approach, therefore, is the combination of different biological
elements and properties of these elements into a single classification tool, which can provide
the integrated response of the community to different levels of EcoQ. Within this framework,
we have recently developed a new multimetric index, the Fuzzy Index of Ecosystem
Integrity, FINE [19], which is based on key-characteristics of the biota in transitional water
environments. FINE takes into account 7 ecosystem attributes (variables or metrics), each
having ecological relevance for lagoon ecosystems: (1) biomass of seaweeds, (2) presence
of seagrass, (3) biomass of macrobenthos, (4) macrobenthic diversity (as Shannon’s H’), (5)

Figure 1. Study sites.
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The FINE index in the Adriatic 445

macrobenthic functional diversity, (6) abundance of macrobenthos, (7) number of macroben-
thic taxa. The 7 variables are combined in a system of 768 logic rules, and the result is a number,
ranging from 0 to 100, which expresses the EcoQ of the considered sample. All the algorithms
for FINE calculation are based on the fuzzy set theory, which has repeatedly been proposed as a
useful method to develop ecological models and indices of environmental conditions [20–26].
The online version of the index is freely available at: http://web.unife.it/progetti/FINE/.

This paper aims to evaluate the response of FINE to environmental pressures in two
transitional environments of the northern Adriatic Sea, the Sacca di Goro and the Valli di
Comacchio (figure 1). Several chemical parameters representative of anthropogenic impact
are considered in the analysis, at the level of both water column (transparency, dissolved
oxygen, total nitrogen, total phosphorous) and sediments (heavy metals, Cr, Ni, Pb, As, and
polychlorinated biphenyls, PCB).

2. Materials and methods

2.1 Index development

The seven variables selected for FINE calculation are described by a number of modalities,
from low to very high, represented by fuzzy membership functions, which in turn are associated
with a general quality status of a lagoon. For instance, the number of macrobenthic taxa can be
low, medium or high, low being associated with poor quality, and high with good quality. For
most variables, ecological quality increases linearly as the variable values increase (figure 2,
case a); for other variables, such as biomass of seaweeds and abundance of macrobenthos,
ecological quality assumes a unimodal pattern, being poor at low variable values, then rising
to a maximum before declining at very high variable values (figure 2, case b). Therefore, the
modalities associated with ‘worst’ and ‘best’ ecological status generally are low and high,
respectively, with the exception of some variables. The modality medium, for example, is the
best case for the variable seaweeds biomass, while the modality very high is its worst case.
FINE is based on such well-known ecological principles, thus the rules of the fuzzy inference
system can be considered as objective rules, which are in the form of if . . . then expressions,
typical of fuzzy models. The following statements are clear examples of rules:

• if all variables are in their ‘best’ modalities, then ecological status is HIGH;
• if all variables are in their ‘worst’ modalities, then ecological status is BAD.

Besides these two cases, there are another 766 possible combinations of modalities of the 7
variables, and each combination is associated with each ecological status class at different

Figure 2. Types of response of ecological quality to increasing values of a variable: (a) linear increase, (b) unimodal
increase.
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Figure 3. FINE output: in this example, the index value is 21.0 and the ecological status is POOR. The fuzzy output,
i.e. membership grade 0.16 to BAD and 0.84 to POOR shows that in this case the status POOR is slightly inclined
towards the condition BAD.

grades of membership. The number and shape of the membership functions relative to all
variables and the development of the 768 inference rules are described in [19]. It is interesting
to point out that the if . . . then rules are not subjectively created, but automatically computed
by means of a procedure proposed by [27].

FINE structure follows the canonical three steps of fuzzy models: (i) fuzzification through
membership functions, (ii) inference through if . . . then rules and (iii) defuzzification, which
can be performed with several different methods [26]. The input data (measured values of
the 7 variables in a station) are first ‘fuzzified’, i.e. transformed into membership grades
for all variables modalities, then processed across the 768 model rules by means of some
logic operators, such as ‘and’, ‘if . . . then’ and ‘or’. The resulting output is a membership
grade to all the five EcoQ classes (figure 3); it is then defuzzified, i.e. re-transformed into
a ‘crisp’ output that can be easily understood without references to the fuzzy theory [22].
Defuzzification, which allows the calculation of FINE, is performed as a linear combination
of the membership functions (μ) related to the five EcoQ classes, as in [28]:

FINE = 0 · μBAD + 25 · μPOOR + 50 · μMODERATE + 75 · μGOOD + 100 · μHIGH .

The coefficients of the linear combination were chosen in order to make FINE range in the
interval [0, 100]: the combination of all variables in their best modality is associated with
HIGH ecological status and with the maximum value of the FINE index, namely FINE100,
whereas the combination of all variables in their worst modality is associated with BAD
ecological status and with the minimum FINE value, namely FINE0. The Ecological Quality
Ratio (EQR), required by the WFD, can be easily computed dividing the FINE value obtained
in a station by FINE100:

EQR = FINE

FINE100
.

In absence of well-known quality gradients in the considered environments, the range of EQR
was divided into classes of equal amplitude (table 1), relative to the five EcoQ classes, as done
for other indices [15, 16].

2.2 Biotic data collection

The biotic data set was gathered in the European Transitional Waters Ecoregion no. 6 [31],
in the Sacca di Goro and the Valli di Comacchio, from 2004 through 2005 with seasonal
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The FINE index in the Adriatic 447

Table 1. Boundaries for the Ecological Quality Ratio (EQR) and
correspondence to the five classes of EcoQ.

Ecological Quality Ratio (EQR) Ecological Quality Status (EcoQ)

0 ≤ EQR < 0.2 BAD
0.2 ≤ EQR < 0.4 POOR
0.4 ≤ EQR < 0.6 MODERATE
0.6 ≤ EQR < 0.8 GOOD
0.8 ≤ EQR ≤ 1 HIGH

frequency. Sampling surveys were carried out at Goro in May, July and November (2004), and
February, May and July (2005); at Comacchio in March, May, July and November (2004),
and February, May and July (2005). In this paper, data from 3 stations at Goro (A, B, C) and
4 stations at Comacchio (E, F, G, H) will be considered. At each station, 3 replicate benthic
samples were collected for the analysis of the macrofaunal community using a Van Veen grab
(sampling area: 0.027 m2; sampling depth: 12 cm in muddy sediments); fauna retained on
a 0.5 mm screen were identified to the species level and counted. Seaweeds and seagrass,
when present, were also collected. The biomass of fauna was obtained by oven-drying to
constant weight, and incineration (ash-free dry weight, gAFDW m−2), while that of seaweed
was obtained as wet weight (gWW m−2).

2.3 Environmental data

Environmental data from the Sacca di Goro and the Valli di Comacchio were furnished by the
Regional Agency of Environmental Protection (ARPA) [32]. Sampling stations were the same
as for biotic data, since a join monitoring program is carried on at both lagoons. Environmental
data regarded the water column (transparency, dissolved oxygen, total nitrogen, total phospho-
rous), and the sediments (heavy metals, Cr, Ni, Pb, As, and polychlorinated biphenyls, PCB).
Data availability covered the years 2004–2005 for transparency, dissolved oxygen, and heavy
metals, while only 2005 for total nitrogen, total phosphorous, and PCB. Sampling methods
and analytical procedures are detailed elsewhere [32].

2.4 Data treatment

Relationships between FINE values and environmental data were assessed through regres-
sion analyses, and their significance through regression ANOVAs. The relationship of FINE
basic parameters (i.e. macrobenthic abundance, diversity, functional diversity, etc.), taken
one by one, and environmental data was also assessed through regression analysis and
ANOVA.

3. Results

Seven stations were considered (3 at Goro, and 4 at Comacchio), corresponding to different
environments and physico-chemical characteristics. Ecological conditions among selected
stations varied greatly, as shown by the values of the input variables: (1) biomass of seaweeds
(SwB) varied from 0 to 1759 gWW m−2, (2) biomass of macrobenthos (BB) between 0.24 and
59.6 gAFDW m−2, (3) macrobenthic diversity (H’) between 0.13 and 1.75, (4) macrobenthic
functional diversity (Hf) between 0.1 and 1.26, 5) abundance of macrobenthos (N) between
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Table 2. Biotic and environmental data at the various sites. S: number of macrobenthic species; H′: benthic diversity; H′f: benthic functional diversity; BB: biomass of benthic
fauna; SwB: biomass of seaweeds; Sg: seagrass (always absent).

Abundance BB SwB Trasp O2 Ntot Ptot Ni Cr Pb
Stn S (ind m−2) H′ H′f (gAFDWm−2) (gWWm−2) Sg FINE (m) (mg l−1) (mg l−1) (g l−1) (mg kg−1) (mg kg−1) (mg kg−1)

A1 13 9225 1.04 0.65 7.3 25.5 abs 39.6 0.7 9.5 3.8 42.7
B1 16 6216 1.68 0.92 1.4 29.5 abs 52.8 1.5 10.4 3 30
C1 18 15232 1.53 1.02 29.3 1352.8 abs 62.5 1.5 10.9 3 30
E1 5 456 1.31 0.70 1.4 0 abs 26.5 0.8 8.6 3.7 54.4
F1 19 122532 0.59 0.39 61.6 0 abs 48.7 0.7 9 4 45.6
G1 11 6167 0.59 0.44 22.4 0 abs 49.3 1 9.1 3.6 39.7
H1 4 604 0.89 0.27 0.6 0 abs 15.3 0.6 4.2 5.9 66.2
A2 6 4477 0.58 0.52 5.8 0.0 abs 32.7 0.6 7 4.2 57.4
B2 5 173 1.13 0.90 2.0 186.5 abs 18.5 0.6 6.8 3.9 42.7
C2 11 3416 1.26 0.82 20.3 86.3 abs 61.1 1.1 7.9 2.1 30
E2 9 2997 1.17 0.81 9.0 0 abs 50.1 0.4 6.9 4 38.2
F2 14 11014 1.57 0.91 32.8 0 abs 57.5 0.6 7 5.9 35.3
G2 16 5723 1.96 1.27 21.7 0 abs 74.6 0.8 9 3.8 38.8
H2 6 136 1.67 1.12 0.8 0 abs 32.4 0.3 6.5 6.3 35.3
A3 6 2306 0.49 0.27 0.2 0.0 abs 28.7 0.8 5.4 3.9 75 83.6 64.1 18.6
B3 11 1591 1.57 1.01 0.9 864.3 abs 41.4 0.9 6.3 2.5 58.8 87.1 81.3 29.2
C3 6 2047 0.67 0.55 1.6 58.7 abs 24.9 0.6 4.5 5.7 51.5 83.7 86.2 42.4
E3 6 1591 1.12 0.89 5.0 0 abs 24.5 0.3 7 5.2 60.3
F3 13 5488 1.89 1.01 66.9 0 abs 63.7 0.7 6.6 4 42.4 44.5 36.3 14.5
G3 15 5784 1.73 1.24 55.0 0 abs 74.5 0.8 10 3.5 42.7 35.1 28.4 14.4
H3 3 1443 0.82 0.33 1.9 0 abs 16.3 0.3 6.3 5.9 57.4
A4 13 55241 1.03 0.5 5.7 0 abs 31.8 0.5 3.3
B4 11 5834 1.05 0.64 0.75 449 abs 42.2 0.7 4.6
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C4 18 4724 1.7 1.03 4.71 1759 abs 56.1 0.9 5.6
E4 8 3392 1.42 0.93 4.9 0 abs 47.7 0.4 7.9
F4 7 8485 1 0.67 1.74 0 abs 25.8 0.4 7.5
G4 5 1961 0.89 0.45 0.23 0 abs 21.9 0.4 7
H4 4 4366 0.42 0.26 0.63 0 abs 32.7 0.4 8.4
A5 5 1085 1.17 1.07 0.52 60.1 abs 28.8 1 7.2 103.5 79.3 24.6
B5 4 74 1.33 1.01 59.6 1.85 abs 32.1 1 7.3 85.3 68.6 23.3
C5 6 8078 0.99 0.48 1.59 0 abs 26.9 1 6.1 94.2 85.2 38.9
E5 7 8313 0.88 0.6 0.96 0 abs 26.4 0.3 8.3
F5 13 26948 1.29 0.7 2.13 0 abs 39.4 0.3 8.5
G5 17 157201 1.24 0.39 7.91 0 abs 40 0.3 9.1
H5 4 4724 0.72 0.69 0.45 0 abs 32.7 0.3 9.2
A6 5 27972 0.13 0.1 0.84 0 abs 25.4 1.3 6.6
B6 21 16218 1.71 1.01 2 0 abs 49.5 1.5 9.9
C6 19 27750 1.15 0.88 45.6 773 abs 52.4 1.3 9.9
E6 8 5414 1.45 0.82 9.1 0 abs 51.7 0.3 5.5 68.1 41.1 22.2
F6 7 12161 1.03 0.86 0.61 0 abs 29.9 0.3 5.1 68.6 50.1 23.1
G6 15 33645 1.75 1.26 36.41 0 abs 69 0.7 6.7 70.5 40.5 17.6
H6 6 9225 0.74 0.52 0.45 0 abs 25.5 0.4 2.8 94.3 83.6 31.5
E7 4 4884 0.7 0.45 1.44 0 abs 32.7 0.4 8.5
F7 17 40318 1.59 0.62 11.62 0 abs 50 0.4 8.7
G7 4 1344 1 0.94 35.74 0 abs 35.4 0.4 8.1
H7 4 5673 0.72 0.47 2.81 0 abs 32.6 0.4 8.4
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74 and 157201 ind m−2, (6) number of macrobenthic taxa (S) between 4 and 21. Seagrass
were always absent. The gradient of impact represented by the data set ranged from BAD
(FINE = 16.3) at H3, characterized by an extremely depauperated benthic community, to
GOOD (FINE = 74.6), at G2. A range of successional phases of the benthic community were
also comprised in the data set (table 2).

Environmental data also varied greatly, depending on station and season. Considering water
parameters, transparency ranged between 0.3 and 1.5 m, dissolved oxygen between 2.8 and
10.9 mg l−1, nitrogen between 2.1 and 7.3 mg l−1, phosphorous between 216.7 and 30 μg l−1.
Considering sediments, Cr ranged between 28.4 and 46.2 mg kg−1 dry weight, Ni between
35.1 and 103.5 mg kg−1 d.w., Pb between 14.4 and 38.9 mg kg−1 d.w., As between 4.8 and
14.8 mg kg−1 d.w., and finally PCB between 1.9 and 4.6 μg kg−1 d.w. (as sum of congeners).
Table 2 reports water and sedimentary chemical data at the various stations. Figure 4 shows
the relationship between water chemical parameter values and FINE values for the selected
stations during years 2004 and 2005. Figure 5 shows the relationship between sedimentary
heavy metals concentration and FINE values in 2004 and 2005, and PCB concentration and
FINE for year 2005 only. Regression ANOVAs were highly significant, and are summarized
in table 3. A positive correlation was found between FINE values and dissolved oxygen, and
negative correlations between FINE and all the other chemical parameters. In table 4, results
of regression ANOVAs between FINE basic parameters and water and sedimentary variables
are shown. A negative correlation was found between nitrogen and S, while phosphorous
correlated negatively with S, H’ and Hf. Dissolved oxygen correlated positively with S and
BB, while transparency correlated positively with S but negatively with SwB. Significant
negative correlations were found between heavy metals and S, H’ and benthic biomass, while
PCB correlated negatively with all macrobenthic basic parameters. In the table, only significant
results are shown.

Figure 4. Relationship between water chemical parameter values and FINE values for the selected stations during
years 2004 and 2005.
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The FINE index in the Adriatic 451

Figure 5. Relationship between sedimentary heavy metals concentration and FINE values in 2004 and 2005, and
PCB concentration and FINE for year 2005 only.

Table 3. Regression coefficients and regression ANOVAs between
FINE scores and values of chemical parameters.

Chemical parameter r df F p

Ntot −0.46 1, 18 4.8 0.041
Ptot −0.66 1, 18 14.9 0.001
Trasp −0.37 1, 44 6.9 0.012
O2 −0.43 1, 44 9.9 0.003
Ni −0.83 1, 10 21.8 0.001
Cr −0.85 1, 10 26.9 0.001
Pb −0.71 1, 10 9.9 0.010
As −0.59 1, 10 5.3 0.044
PCB −0.90 1, 5 22.2 0.005
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Table 4. Regression ANOVAs chemical variables and
FINE basic parameters.

F df p

Transp S 11.23 1, 44 0.002
SwB 8.23 1, 44 0.006

O2 S 9.19 1, 44 0.004
BB 4.29 1, 44 0.004

Ntot S 6.3 1, 19 0.021

Ptot S 11.96 1, 19 0.003
H′ 8.09 1, 19 0.01
Hf 9.99 1, 19 0.006

Ni S 12.87 1, 10 0.005
H′ 6.52 1, 10 0.029
BB 8.89 1, 10 0.014

Cr S 10.07 1, 10 0.01
H′ 7.74 1, 10 0.019
BB 6.74 1, 10 0.027

Pb S 4.6 1, 10 0.05
H′ 5.14 1, 10 0.047
BB 6.08 1, 10 0.033

As S 4.87 1, 10 0.05
BB 11.04 1, 10 0.007

PCB S 18.59 1, 5 0.008
N 12.45 1, 5 0.017
H′ 28.81 1, 5 0.003
Hf 24.52 1, 5 0.004
BB 20.43 1, 5 0.006

4. Discussion

In order to achieve the classification of EcoQ in water bodies, the WFD requires the
identification of reference conditions for that type of surface water at a HIGH status, i.e. sites
with no, or with only a very minor, impact from human activities. A major problem in deriv-
ing reference conditions arises from the absence, in some European regions, of unimpacted
areas [29]; this is the case of the northern Adriatic coastal environment. In the absence of
pristine/undisturbed sites, the WFD identifies three alternative options for deriving reference
conditions for HIGH status: historical data and information, models or expert judgement.
Some efforts have been recently carried out in this direction by means of multivariate methods
[13, 15]: first, some metrics are chosen; then a site is considered in an optimal ecological
status when presenting the ‘best’ values of all the selected metrics, whereas it is considered
in the worst ecological status when all metrics display their worst values [15]. FINE has a
one-dimensional output ranging from 0 to 100, which synthesizes the multi-dimensional infor-
mation provided by the combination of 7 biological variables (metrics). FINE100 corresponds
to the optimal conditions for all variables, whereas FINE0 indicates that all the variables are
displaying their worst modality; therefore, FINE100 and FINE0 can be regarded as reference
for HIGH and BAD EcoQ, respectively. FINE100 is derived from a fuzzy model, which is
based on expert knowledge; therefore, it complies with the indications of the WFD. FINE
one-dimensional output (0–100) is consistent with previous works [19]. However, taking into
account that the WFD works with EQR values in the interval 0–1, FINE output will range
between 0 and 1 by simply changing the factors of the FINE formula by 0.25, 0.5, 0.75 and 1.

The creation of quality indices naturally involves the incorporation of a certain amount of
subjective knowledge that can be expressed, for example, in the definition of crisp boundaries,
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or in the assignment of species to ecological groups [30]. In the FINE index development we
tried to restrict subjectivity to (a) choice of the input and output variables, and (b) design of
the fuzzy functions relative to their modalities. The association of each variable modality to
an ecological status is then based on universally accepted ecological principles, like: ‘high
diversity = high quality’. These general principles drive the 768 inference rules, which are
automatically calculated from the fuzzy membership functions [27]: external interventions are
not required in this assessment, thus the total amount of subjectivity is reduced.

While most of the recently developed indices have been calibrated for coastal habitats, FINE
was specifically designed for the evaluation of Adriatic transitional ecosystems and considers
attributes which are known to play major roles in the functioning of such ecosystems. Unlike
the indices based on sensitivity/tolerance of species, e.g. [2, 3, 11], the rationale of FINE is
that certain attributes, selected on the basis of established principles of benthic ecology, are
fundamental for transitional ecosystem function: FINE is composed of 7 ecosystem attributes
each of which have ecological relevance for transitional ecosystems. The strength of our model
is appealing, but it must be acknowledged that the model was built specifically for Adriatic
transitional ecosystems, incorporating only the variability observed within those systems.

In this paper, FINE has been tested in two northern Adriatic lagoons using chemical
parameters, such as dissolved oxygen, total nitrogen, and total phosphorous in the water
column, and metals and PCB concentration in the sediments. Results showed a high correla-
tion between the concentration of chemical parameters and FINE quality scores. Higher EcoQ
was always associated with lower contamination. FINE, in this specific case study, succeeded
in producing an ecologically relevant classification, reflecting the environmental pressures as
expressed in the chemical elements. Its basic parameters, taken one by one, did not show
such an unequivocal response to environmental pressures, thus confirming the advantages of
the FINE model when compared to the use of single measures for environmental assessment.
The FINE index resulted in a ecologically and methodologically sound model structure that
could have a wider validity and applicability in different lagoons from different geographical
areas, given that a pre-emptive calibration of the input and output fuzzy functions is made
on the basis of site-specific information and historical knowledge. The FINE model includes
seaweeds, seagrass and benthos. The WFD states the need to evaluate each element separately,
in order to determine the impacts from different pressures over each of the elements, and this
cannot be assessed when all of them are evaluated together, as in FINE. This could be one of
the limitations of our model.
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