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ABSTRACT

Fluorescence indices are particularly well adapted to characterize dissolved organic matter. In environmental studies, the three most often used fluorescence indices
are the Fluorescence index (FI), the Humification index (HIX) and the Biological index (BIX). The present paper aims to discuss 4 limitations in the actual use of
fluorescence indices: (i) difference between indices values calculated from interpolated and non-interpolated excitation wavelengths; (ii) misfit between the areas and
wavelengths from the index definition (HIX, FI, BIX) and the samples (peaks location and curve shape) related to environmental context (e.g. pH, living conditions of
organic matter decomposers); (iii) the potential to rethink the 2D-based indices thanks to 3D matrices; (iv) the incidence of recent improvement in organic matter
degradation knowledge on the fluorescence indices interpretation. These limitations are illustrated with different types of water samples coming from three different
open access datasets: karst groundwaters from Serene et al. (2024), marine waters from Drozdova et al. (2019) and surface water from Sgroi et al. (2019). These
results draw the attention of fluorescence indices users to unsupervised calculation and interpretation of 2D-based fluorescence indices. It also greatly encourages the
rethinking of fluorescence indices using EEM (Excitation Emission Matrices) in order to adapt the calculation to each purpose and study context and to limit the

generalisation of indices interpretation to organic matter structure.

1. Introduction
1.1. Fluorescence of natural organic matter in environmental studies

Organic molecules that are able to emit a fluorescent signal after
being excited are composed of several conjugated bonds or aromatic
nuclei (Coble et al., 2014). The required excitation wavelength for
molecule to emit a fluorescence signal is longer for complex molecules
than simple ones, allowing the distinction of organic matter compounds
(Ewald et al., 1988; Zsolnay et al., 1999). Fluorescent compounds are
defined thanks to the excitation wavelength (Aex) required to excite the
molecule and the emission wavelength (Aep) of the signal emitted by the
molecule.

In aquatic environments 4 types of fluorescent compounds are
observed, listed from higher to lower emission wavelength and therefore
to most complex to most simpler compounds (Coble et al., 2014):

- Humic-like C compounds have the greater emission wavelength and
are the most complex because they are composed of lignin degra-
dation residues. Because of their precursors deriving from lignin,

humic-like C presence in water is related to soil influence. This
family is composed of 2 peaks named Ac (Aex = 260 nm and Aey =
[400 to 460] nm) and C (Aex = [320 to 365] nm and Aeny, = [420 to
470] nm);
- Humic-like M are complex compounds that result from the aggre-
gation of microbial products. This compounds family is also
composed of 2 peaks: Ay (Aex = 240 nm and Aep = [350 to 400] nm)
and M (Aex = [290 to 310] nm and Aey = [370 to 420] nm);
Tryptophan correspond to small and simple organic compounds that
directly derive from microbial activity. This family presence is
related to the observation of peak T (Aex = 275 nm and Ay, = 340 nm)
or At (Aex = 230 nm and Aey, = 340 nm);
- As Tryptophan, Tyrosine is a small and simple molecule observable
at two locations: peaks B (Aex = 275 nm and Aey = 305 nm) and Ag
(Mex = 230 nm and Aep, = 305 nm).

These peaks can be observed in 2D spectra performed at a fixed
excitation wavelength, plotting the fluorescence intensity (y-axis)
against the emission wavelength (x-axis). 2D spectra can be combined
into 3D matrices called Excitation Emission Matrices (EEM), where the x
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and y axes represent the excitation and emission wavelengths and a
colour scale represents the fluorescence intensity. Finally, PARAFAC
modelling can be performed thanks to an important number of EEM to
extract the different compounds present in the set of EEM (Murphy et al.,
2013).

In order to facilitate the fluorescence of natural organic matter
interpretation in both soil and water, several fluorescence indices were
developed (Gabor et al., 2014). The most widely used are the Biological
index (BIX, Huguet et al., 2009), the Fluorescence index (FI, McKnight
et al., 2001) and the Humification index (HIX, Zsolnay et al., 1999).
These three fluorescence indices are most frequently interpreted in
combination, with the aim to characterize dissolved organic matter
without analytical separation of specific compounds. Indeed, they allow
the qualitative assessment of fluorescent compounds sources (BIX: pro-
portion of recently produced organic matter; FI: humic-like C having soil
or microbial precursors) and of the aromaticity that has been usually
interpreted as the decomposition/humification state (HIX). These pa-
rameters vary from one water type to the other according to biological
activity, organic matter sources (anthropogenic / natural, soil organic
matter derived/ microbiological derived) and residence time (degrada-
tion and mineralisation of organic matter). Applications of these indices
cover many fields of research. For example, in the field of marine
biology, Nelson et al. (2015) show that the signature of submarine
springs of Hawaii and other Pacific high islands is depleted in dissolved
organic matter and enriched in nutrients, which indicates that ground-
water is a key parameter to algal and benthic coral development of
nearshore reefs. In hydrogeology, fluorescence indices are often used to
assess the contamination of water by organic pollutants. For example,
they are used to study the migration and evolution of contamination
from livestock farming (Zhang et al., 2021) and from landfill leachates
(Jiang et al., 2019) as this contamination enhances microbially derived
organic matter and degree of aromaticity. Organic matter is also a key
parameter to study non-organic anthropogenic contaminants as it can
easily adsorb and desorb contaminants, and therefore facilitate their
transport (Shand et al., 2007). Mobilization of organic colloids in a cave
was thereby studied by (Liao et al., 2021) with the view to preserve karst
groundwater from anthropogenic contamination. Trace metals such as
Arsenic are very likely to be sorbed on organic matter, and as organic
matter they are particularly sensitive to biological activity which plays
an important role in trace metals mobilization (Guo et al., 2019; Mla-
denov et al., 2010). Therefore, numerous studies also use fluorescence
indices in order to assess and understand groundwater contamination by
trace metals (e.g. Guo et al., 2019; Kulkarni et al., 2017; Schittich et al.,
2018; Yang et al., 2020).

1.2. Definition of the indices

The Humification index HIX is a commonly used parameter in soil
science. Humification corresponds to the complexation of organic mat-
ter. This process increases the number of conjugated bonds and aromatic
nuclei, and therefore lengthens the emission wavelength (Duchaufour
et al., 2020). Zsolnay et al. (1999) proposed a way to assess HIX using a
2D spectra at 254 nm excitation wavelength as it was identified to show
the higher fluorescence intensities. HIX is thus defined as the ratio of the
integral under the intensity curve of emission wavelength corresponding
to heavy organic matter (peak C) to the one corresponding to light
organic matter (peaks B and T). Even though this method of calculation
was calibrated on soil waters, Zsolnay et al. (1999) definition is the most
frequently used in water studies (Gabor et al., 2014).

The Fluorescence index FI was first proposed by McKnight et al.
(2001) in order to identify the different precursors of humic-like C
compounds. It is based on the fact that humic-like substances contain
residues of lignin degradation that have a higher carbon to nitrogen
ratio and higher aromaticity and therefore longer emission wavelengths
than those derived from microbial material (Aiken et al., 1996;
McKnight et al., 1994). As HIX, FI is calculated from a 2D spectra
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(excitation 370 nm). It corresponds to the ratio of intensity at maximal
and minimal emissions wavelengths of peak C (humic-like C compound).
It aims to assess whether peak C is shifted towards higher (contain lignin
residues) or shorter (contain microbial products) emission wavelengths.
This index was calibrated on stream and rivers waters.

The biological index (BIX, initially named freshness index) was
developed to identify microbial influence on dissolved organic matter in
marine environments (Parlanti et al., 2000). According to these authors,
peaks M and B correspond to autochthonous N rich organic compounds
produced by biological activity in marine water, while peak C corre-
sponds to allochthonous compounds produced in soil from fresh organic
matter such as lignin provided by estuarine waters. The ratio M/C is thus
considered as a proxy of the relative quantity of organic matter recently
produced by microbial activity in marine and estuarine waters. Low
values of M/C ratio are interpreted as resulting from relatively low
autochthonous organic matter production, while high values are sup-
posed to stem from relatively high biological activity resulting in greater
autochthonous production. Huguet et al. (2009) proposed to calculate
BIX thanks to a 2D spectra (excitation wavelength 310 nm) using the
ratio of intensities at emission wavelengths corresponding to peaks M
and C. Even if peak M is rarely found in natural waters (Coble et al.,
2014), BIX is often used in such environments (Cao et al., 2023; Jiang
et al., 2019; Li et al., 2019).

1.3. Fluorescent indices limits

The present study aims to discuss and illustrate the limitations in the
actual use of fluorescence indices. 4 potential limitations are identified.

(1) Many studies calculate one or three of the fluorescence indices
(FI, BIX, HIX) without specifying the metrics (D’Andrilli et al.,
2022). However, most of excitation-emission matrices (EEM)
have an excitation wavelength step from 3 to 10 nm, that may
avoid the required excitation wavelength. To calculate the
indices, the required excitation wavelengths may be interpolated.
Therefore, the first question investigated in this paper is: does the
interpolation affect the calculated indices?

Serene et al. (2022) show the mismatch of the HIX (Zsolnay et al.,
1999) excitation and emission areas with a karst groundwater
dataset. This inconsistency was attributed to the application of
the method to a different aquatic environment (groundwater)
than the one for which it was developed (soil water). The second
question investigated in this paper is: Is such mismatch observed
for other aquatic environments and for the two other fluorescence
indices? If so, where does it come from?

Thanks to the advent of 3D EEM, recent studies have developed
their own fluorescent indices inspired by HIX, BIX and FI (Li et al.,
2019; Serene et al., 2022; Yang et al., 2020). Third question: Are
the 3D-based fluorescence indices better than the 2D-based
indices?

16 years after the development of HIX, the Humification model
has been reconsidered (Lehmann and Kleber, 2015). The final
question investigated in this paper is whether the improved
knowledge of organic matter degradation since the first devel-
opment of fluorescence indices influences their interpretation.

(2

—

3

=

(4

-

2. Datasets and method
2.1. Data used

Three open access datasets of several types of water are considered in
this paper in order to illustrate the discussion about the limitations of
fluorescent indices (Table 1). They were chosen for their accessibility
and because they represent various aquatic environments including,
surface, marine and underground waters.

The karst groundwaters dataset (Serene et al., 2024) consists in 278
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Table 1
Summary of the datasets used in this paper.
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Types of water Samples location Number of Reference Types of data
samples used
Karst groundwaters (springs, unsaturated Vaucluse, France 278 Serene et al. e EEM at Aoy = [220: 4501, 10 nm interval and Aem, =
zone flows, loss) (2024) [250: 550] with 1 nm interval;
e 2D spectra at Aex — 254 nm and Ay, = [220: 530] with
1 nm interval.
Surface waters (artificial lake) Sicily, Italy 16 Sgroi et al. (2019) EEM at Ay = [220: 450], 5 nm interval and Aep, = [250:
contaminated by wastewater 580] with 1 nm interval.
Marine waters Laptev and East Siberian seas, 2 Drozdova et al. 2D spectra for:

north Russia

(2019) HIX: Aex = 254 nm, Aepyy = [300:480] nm;
BIX: Aex = 310 nm, Aepy, = [370:550] nmy;

FL: Aex = 370 nm, Aem = [430:550] nm.

water samples taken from june 2020 to october 2021 corresponding to i)
karst groundwaters from the Fontaine de Vaucluse observatory
belonging to SNO KARST (St Trinit, Millet, and Nesque springs, Fontaine
de Vaucluse main outlet) and unsaturated zone flows accessed thanks to
the LSBB galleries https://Isbb.cnrs.fr), and ii) at Nesque losses. These
waters represent a panel of karst waters with long and short transit time
(long for Fontaine de Vaucluse outlet, short for unsaturated zone flows),
draining different carbonated rocks (Cretaceous for all the springs
except Nesque spring and losses draining Tertiary carbonates) and with
different vulnerability to anthropogenic activities (no influence for un-
saturated zone flows, important influence for St Trinit spring).

EEM (Excitation-emission matrices) were performed on unfiltered
water samples at the laboratory of HydroSciences Montpellier thanks to
a SHIMADZU RF-5301 PC spectrofluorimeter (150 W xenon lamp).
Excitation wavelengths vary from 220 to 450 nm with 10 nm interval
and emission wavelengths from 250 to 550 nm with 1 nm interval. Slit
widths of 15 nm were used for the monochromators with a fast default
scan speed. To complete EEM, and with the same unfiltered water, 2D
spectra at 254 nm excitation wavelength and emission wavelengths from
220 to 530 nm with 1 nm interval were performed to calculate HIX
according to Zsolnay et al. (1999).

The surface waters dataset consists in 16 EEM from Sgroi et al.
(2019) dataset. These EEM correspond to dilutions ranging from 37.5 %
sample to 100 % of one unfiltered sample of Pozzillo lake which is an
artificial lake contaminated by wastewater in Sicily, Italy. A Shimadzu
RF-5301PC fluorescence spectrophotometer was used to perform EEM
on these samples with excitation wavelength varying from 220 to 450
nm with 5 nm interval and emission wavelength from 250 to 580 nm
with 1 nm interval. Slit widths of both excitation and emission wave-
length were set at 5 nm.

Finally, two samples from the marine waters dataset Drozdova et al.
(2019) were selected to illustrate the discussion about fluorescence
indices on marine water samples. Samples 5627_1 (sampling date: 17
september 2017) and 5612_47 (sampling date 8 september 2017) were
selected as they correspond to two water from different depth (5627_1
sample was taken at 1 m depth and 5612 47 at 47 m depth), two
different seas from north Russia: Laptev (5627_1) and East Siberian
(5612_47) seas, and two different distances from the continent (5627_1
was sampled in the estuary and 5627_47 several km away from the
coast). Filtered samples (0.7 pm) were analyzed with 2D spectra per-
formed at the required excitation wavelength to calculate HIX, BIX and
FI, respectively 254, 310 and 370 nm, thanks to Fluorat-02-Panorama
spectrofluorometer (Lumex Instruments, Drozdova et al., 2019).

2.2. Method

In order to explore the first limit exposed in section 1.3, a comparison
between HIX, BIX and FI values obtained with and without the inter-
polation of the required excitation wavelength is done in section 3. For
HIX, we used only the Serene et al. (2024) dataset on karst waters as
none of the other ones have both the 254 nm excitation wavelength (to

calculate the index according to (Zsolnay et al., 1999 definition) and
EEM (to interpolate the required excitation wavelength). For BIX and FI,
only the data from Sgroi et al. (2019) dataset can be used as marine
water samples from Drozdova et al. (2019) does not allow the interpo-
lation because EEM were not performed; and since the EEM from the
Serene et al. (2024) dataset already contains the 310 and 370 nm
excitation wavelengths, this must be deleted to obtain interpolated
wavelength values, setting the excitation wavelength range from 10 nm
to 20 nm, which is too large to obtain comparative data.

Indices obtained with and without the interpolation were calculated
in raw data. Non-interpolated HIX was calculated thanks to the area
under the intensity curve between 435 and 480 nm emission wavelength
(area named H, area close to peak C) and between 300 and 345 nm (area
named L, area close to peak Ar). HIX was then calculated dividing H by
the sum of H and L, according to Ohno (2002) definition Zsolnay et al.,
(1999) definition is H/L and requires a correction that is integrated into
Ohno (2002) formula. Interpolated HIX was calculated according to
Ohno (2002) definition thanks to R package staRdom, using the eem _-
humification_index function (Pucher et al., 2019).

Same R package was used to calculate non-interpolated BIX and FI
using the eem_biological_index (for BIX, according to Huguet et al., 2009
definition) and the eem_fluorescence_index functions (for FI, according
to McKnight et al., 2001 definition). The 310 and 370 nm excitation
wavelengths measurements were deleted from the EEM to allow their
interpolation for BIX and FI calculation with the same staRdom function
of BIX and FI calculated. The removal set the excitation wavelength
interval from 5 to 10 nm which is acceptable (similar interval than
Serene et al., 2024 dataset).

In order to explore the second limit exposed in section 1.3, the ad-
equacy of fluorescence indices excitation and emission windows is
assessed by the comparison of the 2D spectra with theoretical excitation
wavelengths from indices definition in section 4. Raw data of the
following samples are used: the two marine water samples from Droz-
dova et al. (2019) dataset, the Pozzillo lake sample non-diluted from
Sgroi et al. (2019) dataset and a selection of the most different samples
from Serene et al. (2024) karst water dataset: unsaturated zone flow AY
(sampling date: 4 october 2021), St Trinit karst spring (16 November
2020), Nesque karst spring (14 april 2021) and Nesque losses (3 may
2021). The sample from surface water was not used for HIX as EEM do
not contain the required 254 nm excitation wavelength.

3. Incidence of excitation wavelength interpolation on
fluorescent indices values

Fluorescence intensity is nowadays often measured thanks to EEM
that do not necessarily contain the required excitation wavelengths for
HIX, BIX and FI calculation (Pucher et al., 2019). To be able to calculate
fluorescence indices from EEM, missing excitation wavelengths can be
interpolated using e.g. statistical tools such as staRdom package in R
(Pucher et al., 2019). This interpolation may have an impact on the
fluorescence indices values. To assess this potential influence, this
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section compares HIX, FI and BIX values obtained with and without
interpolation.

e Comparison of interpolated and non-interpolated HIX on karst
groundwaters

Fig. 1 shows that interpolated and non-interpolated HIX are rarely
similar as few points are confounded with the 1:1 line. However, most of
the samples (67 %) are between the 1:1 line and the + 10 % difference
lines, meaning that the interpolation of the wavelength causes less than
10 % difference in the HIX value. For these samples, the influence of the
interpolation of the 254 nm excitation wavelength may be neglected.
Few samples (12.7 %) are underestimated above —10 % in comparison
with the number of samples overestimated by the interpolation above +
10 % (20.4 %). Moreover, the underestimation does not reach —30 %
while the overestimation exceeds + 30 %. It therefore suggests that the
interpolation of the 254 nm excitation wavelength may tend to over-
estimate HIX. This tendency does not seem to be linked with the fluo-
rescence intensity (higher at Nesque losses than unsaturated zone
flows), related to the amount of organic matter, nor the kind of water
(surface water at Nesque losses, unsaturated zone flows, springs).

e Comparison of interpolated and non-interpolated FI and BIX on
surface waters

For FI and BIX, several dilutions of the same sample of the Italian
lake contaminated with wastewater is used to compare the influence of
interpolation. Dilutions correspond to different amounts of organic
matter and thus different fluorescence intensities. Therefore, they can be
useful to assess the influence of the amount of organic matter on the shift
between the index values obtained with interpolated and non-
interpolated excitation wavelengths.

Fig. 2 shows less differences for FI and BIX (respectively + 4 % and
+ 1 %) between interpolated and non-interpolated excitation wave-
length than Fig. 1 with HIX (reaching + 30 %). It is of course related

® UZ flows
Springs

Interpolation
underestimate HIX

Vo
=)

Nesque losses

= = = o = = =
(9] w = o (=) ~1 o0

L
-

HIX calculated without wavelength interpolation

0 0.1 0.2 0.3 0.4
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with the number of samples used for the comparison, but the larger
range of difference for FI (+ 4 %) than BIX (+ 1 %) suggests that it is
indices-dependant, related to the excitation wavelength required for the
calculation (310 nm for BIX and 370 nm for FI). As for HIX, no corre-
lation is found with the fluorescence intensity (varying according to
dilution) and the difference between interpolated and non-interpolated
data.

Therefore, results show that the interpolation of the required exci-
tation wavelength from EEM to calculate indices may provide an over-
view of indices, but results need to be taken with caution as
interpolation may involve a different of indices values reaching 30 %
which may provide a misinterpretation when comparing different
values. Results also show that the interpolation error is not influenced by
the fluorescence intensity and therefore not related to the amount of
organic matter. This error is therefore difficult to assess and to correct.

Therefore, it is advised to clearly explain how the indices are
calculated, to pay attention to the comparison of indices values obtained
with different techniques (in particular with and without wavelength
interpolation), and to prioritize the measurement of the required exci-
tation wavelengths according to the index definition instead of inter-
polating them.

4. Limits of the use of fluorescence indices calculated from pre-
established peaks position

Fluorescence indices based on 2D spectra were developed in different
aquatic environments, respectively stream/riverine (FI), soil (HIX) and
marine (BIX) waters whereas they are frequently used in compartments
of the water cycle different from those in which they were developed.
This argument was used by Serene et al. (2022) in order to explain the
mismatch between observed peak position for a karst groundwater
dataset and theoretical excitation and emission wavelengths required to
calculate HIX. This section aims to (i) observe whether such mismatch is
observed only for different aquatic environments than the one the three
indices were developed for; and (ii) discuss about the possible origin of

[nterpolation
overestimate HIX

0.5 0.6 0.7 0.8 0.9

HIX calculated with interpolated wavelength

Fig. 1. HIX calculated from a 254 nm excitation wavelength 2D spectra as recommended by the index definition (y-axis), compared with HIX calculated thanks to
staRdom that interpolates the 254 nm excitation wavelength from the same excitation wavelengths of EEM (x-axis), for 278 karst groundwater samples: Nesque losses
(24 samples), unsaturated zone flows (132 samples) and 4 springs including the main outlet (124 samples).
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55

Interpolation

overestimate FI

1.65 1.66 1.67 1.68 1.69

Interpolated FI

® Very low dilution and no dilution ® Low dilution

0.8

BIX

14
=
*=)

Interpolation
underestimate BIX

e
2
o

Non-interpolated BIX
(=]
-
-1

0.75 0.755 0.76

0.765
Interpolated BIX

High dilution © Very high dilution

[nterpolation
overestimate BIX

0.77 0.775 0.78 0.785 0.79

Fig. 2. Comparison of BIX and FI calculated with the required excitation wavelengths (respectively 310 and 370 nm, y-axis, non-interpolated) and using staRdom
interpolation of the excitation wavelengths from the same excitation wavelengths EEM (x-axis, interpolated), for 16 samples of an Italian lake contaminated with
wastewater. It is the same sample with several dilution mentioned as labels (e.g. 100 is 100 % sample, label 55 is 55 % sample and 45 % of ultrapure water).

this mismatch and its consequences for the use of fluorescence indices.
e Questioning the transferability of fluorescence indices

A shift of the emission wavelengths of some fluorescent compounds
is commonly observed (at least for peaks C and Ac, Fig. 3) between
waters from different aquatic compartments of the environment (soil,
surface, ground, marine waters; Baker and Genty, 1999; Conmy et al.,
2009). It suggests a possible lack of transferability of indices definition
as they are based on specific excitation and emission wavelengths. This
shift is partly related to environmental physico-chemical parameters
such as pH (Lakowicz, 2006; Osburn et al., 2014) which is known to
affect both fluorescence intensity and spectral shapes of fluorescent
compounds (Osburn et al., 2014). Indeed, pH controls the ionization
potential in phenolic and carboxylic groups that are present in most
organic fluorescent compounds, thereby influencing the metal-ligand
complexation that causes fluorescence quenching. In addition, pH
variation can cause intramolecular rearrangements that affect both
fluorescence intensity and peak shape and position (Osburn et al., 2014).
However, pH range vary from one aquatic compartment to the other
(inland water: 5.5 to 7.5 Groeneveld et al., 2022; marine waters: 8 to 8.5

Garcia-Soto et al., 2021; soil: 3 to 10 Penn and Camberato, 2019) but
they also overlap. It therefore suggests that fluorescence indices calcu-
lation based on peaks position cannot be generalized for the entire
environment and also cannot be specified to each compartment of the
environment (e.g. soil, surface, ground, marine waters) because of pH
variation at these scales; and especially since climate change leads to
local soils and surface water acidification (Osburn et al., 2014). In
addition, some fluorescence indices have been developed with samples
at pH different from most natural waters, such as HIX developed at a pH
of 2 (Zsolnay et al., 1999).

As fluorescence peaks position is related to organic matter structure,
itself mainly affected by organic matter degradation by microorganisms,
degradation of organic matter is an important parameter that impacts
peaks position. The soil continuum model of organic matter proposed by
Lehmann and Kleber (2015) suggests that the degradation of organic
matter in soil depends a lot on decomposer organisms and their living
conditions (e.g. oxygenation, availability of nutrients and organic mat-
ter), involving important differences from one soil to the other, and
therefore from one water to the other that may even come from the same
water body (e.g. Mediterranean Sea, aquifer, spring).

Finally, it appears that some environmental parameters (e.g. pH,
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Fig. 3. 2D emission spectra at different fixed AEx from raw EEM in order to calculate a) HIX, b) BIX and c) FI In the figures, samples considered are: the karst
unsaturated zone flow AY (4 october 2021), St Trinit karst spring (16 November 2020), Nesque karst spring (14 april 2021), Nesque losses (3 may 2021), Italian lake
contaminated by waste water (Pozzillo 100 UF, Sgroi et al., 2019); Marine water (Russian sea 5612_47 and 5627_1, Drozdova et al., 2019).

type of microorganisms, living conditions of microorganisms) can affect
peaks position, involving that picking the intensity at precise location of
a 2D spectra to calculate indices as are the historical definition of fluo-
rescence indices should be questioned.

o Assessing the transferability of fluorescence indices

The adequacy of excitation and emission wavelengths required to
calculate fluorescence indices according to definitions is assessed thanks

to 2D spectra from the karst groundwater and the marine waters datasets
for HIX, FI and BIX, and with the surface waters dataset for BIX and FI.
Only representative spectra of these 3 datasets are illustrated in Fig. 3 in
order to keep readability.

According to Zsolnay et al. (1999) definition, the lower emission
wavelength area used to calculate HIX (from 300 to 345 nm) correspond
to the beginning of the peak and the higher emission wavelength area
begins at the maximal intensity of the same peak (see red curve and
areas, Fig. 3a). Only the marine water sample 5627_1 spectrum shows
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consistent shape with the theoretical one from Zsolnay et al. (1999). The
other marine water sample (5612_47) spectrum is completely offset from
the theoretical curve, showing a maximal intensity between the two
areas, around 400 nm. It suggests that the selected areas to calculate HIX
are not adapted to this sample whereas it is for the other marine water
sample. The consistency of the areas therefore does not appear to be only
related to the type of water (e.g. marine water, groundwater, surface
water) as the two marine water samples matches differently with the
theoretical curve. For the 4 other samples from karst groundwaters (UZ
flow, Nesque losses, Nesque and Trinit spring), the second area appears
to be quite consistent, beginning close to the maximal intensity of the
peak. However, the first area does not correspond at all to the beginning
of the peak whose maximum appears in the second area.

HIX emission wavelengths areas are therefore poorly adapted to 5 to
6 of the samples shown in Fig. 3a. These areas probably match better
aqueous soil extracts or samples at low pH (calibrated for pH = 2,
Zsolnay et al., 1999) but they may give inconsistent HIX values for most
marine and groundwater samples.

BIX is calculated as the ratio of the intensity at 380 nm (peak M) to
the intensity at 430 nm (peak C; Huguet et al., 2009; Fig. 3b). For spectra
allowing the observation of peak M (all except Russian marine samples),
the maximal intensity appears to be offset, around 390 nm. The 430 nm
intensity corresponds well to the peak C maximal intensity of the italian
lake and Trinit spring. But it does not match with the 5 other samples.
The maximal peak C intensity wavelength is slightly longer for Nesque
spring and losses, and UZ flow (around 440 nm) and shorter for the two
marine water samples.

BIX was developed for marine water but the theoretical emission
wavelengths do not correspond to the maximal intensity of peaks M and
C. Moreover, peak M is not systematically present as it cannot be
observed on these two samples which may compromise the accuracy of
the final index value.

FI is calculated as the ratio of peak C maximal intensity (450 nm) to
the peak C minimum intensity (500 nm, McKnight et al., 2001). The 450
nm emission wavelength does not match peak C maximal intensity of the
7 selected samples. Italian lake and Nesque losses are the closer, around
455 nm, the Russian sea (5627_1) peak C is more offset around 470 nm.
For the 4 other samples, peak C is hardly visible at this excitation
wavelength whereas its presence is clear at shorter excitation wave-
length (Fig. 3).

Fig. 3 therefore show a misfit for most of the samples between the
areas and emission wavelength from the index definition (HIX, FI, BIX)
and areas and emission wavelength observed for the samples (peaks
location and curve shape). This misfit is not related to the use of the
index on a different water type than the one it was developed for, as it
was observed on the two marine samples for BIX developed on marine
waters; and on the springs for FI developed on stream water. The
transferability of the method from one aquatic environment to another is
therefore less questioned than from some environmental conditions to
others.

e Suggestions for improving the use of fluorescence indices

The observation of this misfit strongly encourages the check of the
accuracy of the wavelength with the samples as done in Fig. 3 before the
calculation and the interpretation of fluorescence indices. For example,
BIX may not be calculated in the absence of peak M which is rarely
observed in surface and groundwaters (Coble et al., 2014). Moreover, for
FI, the emission wavelengths selected (450 and 500 nm, McKnight et al.,
2001) do not match the peak C emissions wavelengths commonly
referenced in aquatic environments (420 to 460 nm on the Fig. 3c).

A good alternative to pre-established excitation and emission
wavelengths is to identify a range for emission wavelength as proposed
by Wilson and Xenopoulos (2009) for the BIX from Huguet et al. (2009),
in order to adapt the calculation of the indices to each environmental
context. Wilson and Xenopoulos (2009) proposed to select the maximal
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intensity between 420 and 435 nm instead of the emission at 430 nm
advised by Huguet et al. (2009). The range of emission wavelength
needs to be defined according to degradation parameters (e.g. number
and types of decomposers organisms, availability of nutrients, oxygen
and organic matter; Lehmann and Kleber, 2015) and other environ-
mental conditions (e.g. pH) allowing its adaptation to each study site or
water sample; or peaks position should be directly identified by the
fluorescence indices user.

It would be also interesting to define excitation wavelength ranges as
well, as the one required to calculate FI does not allow peak C obser-
vation for most of the tested samples whereas it is clearly observed at
shorter excitation wavelength.

5. Towards fluorescence indices update thanks to 3D excitation-
emission matrices (EEM)

EEM correspond to 3D data recording fluorescence intensity ac-
cording to emission and excitation wavelengths whereas 2D spectra only
records intensity according to emission wavelength (excitation wave-
length is fixed). Since EEM are a combination of 2D spectra, they are
more accurate in identifying the location of the fluorescent compound
peaks (excitation and emission wavelengths). Peak location can be
identified by hand to manually adjust the fluorescence indices calcula-
tion, observing which excitation wavelength is more representative, and
the same for the emission wavelength, thus overcoming the problems
identified in section 4 by allowing the adaptation of the calculation
method to any environmental context. PARAFAC models can also be
calculated with a great number of EEMs in order to automatize the
identification of the peak’s location for an entire dataset. PARAFAC
components can be extracted from these models and used to calculate
fluorescence indices. Recent studies calculated fluorescence indices
using EEM, and more particularly PARAFAC components, inspired from
HIX (e.g. the protein to humic index (PHI) from Li et al. (2019) and Yang
et al. (2020); TTi from Serene et al., 2022), and BIX (microbial to
terrestrial index (MTI) from Li et al. (2019) and Yang et al. (2020)),
putting into relief the potential of EEM and of PARAFAC models to
improve fluorescent indices calculation.

Therefore, the rise of EEM comes with a rethinking of the 2D-based
fluorescent indices as EEM appears to have the potential to rethink the
way fluorescence indices are calculated by providing an accurate way to
identify the fluorescent compounds location (excitation and emission
wavelengths), overcoming the problems of 2D-based indices discussed
in section 4. Moreover, the comparability of these indices is not called
into question by the use of EEM rather than 2D emission spectra, since
PARAFAC and EEM are only a means of identifying the families of
compounds involved in calculating the indices, and since indices are
defined thanks to families of compounds (Humic C, Tryptophan and
Tyrosine for HIX, Humic C and M for BIX and Humic C for FI).

6. Questioning the interpretation of fluorescence indices

Knowledge about organic matter has improved a lot since the
development of the first fluorescent indices. Main difference is that the
emergent view supposes the potential reuse of simpler compounds to
produce complex ones; whereas traditional view supposes the degra-
dation of organic matter to smaller compounds until recalcitrant or
inorganic compounds (Lehmann and Kleber, 2015). This change of view
may influence the way HIX, BIX, FI can be interpreted (summarized in
Fig. 4).

For HIX, this change is particularly important as one of the in-
terpretations of this index is that it is an assessment of the humification
process (Ohno, 2002; Zsolnay et al., 1999), that leads to the production
of recalcitrant organic matter (mature organic matter), which existence
is reconsidered nowadays (Lehmann and Kleber, 2015). However, HIX
first interpretation by Kalbitz et al. (2000) is still accurate as it is related
to the structure of organic matter, it is the ratio of complex molecules
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Fig. 4. Incidence of the model of evolution of organic matter decomposition on the interpretation of fluorescence indices. Traditional and Emergent view are

summarized from Lehmann and Kleber (2015).

(numerous aromatic nuclei, heavy organic matter, humic-like) to simple
molecules (few aromatic nuclei, light organic matter, protein-like).
Therefore, HIX can still be used to provide information about the
complexity of organic matter as it was found to be correlated with the
carbon to nitrogen ratio, the aromaticity and polycondensation of
organic matter molecules; but HIX cannot be interpreted in terms of
organic maturity or humification degree (Fig. 4).

BIX is commonly interpreted as the proportion of recently produced
dissolved organic matter, based on the hypothesis that humic-like M
compounds are recently created in comparison with humic-like C that
are more mature organic matter (Gabor et al., 2014). This interpretation
of BIX needs to be reconsidered as “recently created” and “mature”
organic matter is not consistent with the emergent view of organic
matter decomposition. BIX interpretation proposed by Parlanti et al.
(2000) assumes autochthonous production of peak M and allochthonous
production of peak C in estuarine waters. However, humic M may be
produced in contaminated surface water (Coble et al., 2014), and then
be considered as allochthonous in a groundwater body with recharge
from these contaminated surface water. Therefore, this interpretation
cannot be generalized as it depends a lot on organic matter sources,
fates, and to water mixes.

Finally, BIX can only be interpreted as an indicator of humic-like
origin: microbially (humic M) or lignin/ soil derived (humic-like C) in
accordance with the molecular structure of these fluorescent com-
pounds. Moreover, BIX cannot be calculated in the absence of humic-like
M, its presence needs to be checked before the calculation particularly if
unsupervised method such as automatic peak picking is used, to guar-
antee the accuracy of indices value.

FI usual interpretation is not reconsidered by the improvement of
organic matter degradation knowledge as it is based on the structure of
humic-like C molecules, identifying if its precursors are more micro-
bially or terrestrially derived. However, this interpretation may lead to a
confusion with BIX that use the two extremes of humic-like compounds
family: terrestrially (humic-like C) and microbially derived (humic-like

M). FI objective is to describe the variability of humic-like C structure.
Some of humic-like C molecules have higher emission wavelength, and
are therefore more complex because they have more terrestrially
derived precursors (lignin), in comparison with others humic-like C
molecules that have lower emission wavelength and are simpler because
they have more microbially derived precursors (Coble et al., 2014).
Therefore, FI can still be interpreted as an indicator of humic-like C
precursors, but it could also be used to assess the complexity and
aromaticity of humic-like C compounds.

Transferable interpretation of FI, BIX, HIX and other fluorescent
indices from one environmental context to another is therefore limited
to organic matter structure. To go further into the interpretation, it re-
quires more information about organic matter sources and fates at the
study site scale or in the specific environmental context as organic
matter decomposition depend a lot on the accessibility of organic matter
to the decomposer’s organisms (Lehmann and Kleber, 2015).

7. Conclusion

Fluorescence indices are frequently used and are particularly
adapted to characterize the composition and sources of dissolved
organic matter (Gabor et al., 2014). The present study aims to discuss
several limitations in the present use of fluorescence indices and to
illustrate them with different types of water samples coming from three
different open access datasets: karst waters from Serene et al. (2024),
marine waters from Drozdova et al. (2019) and surface water from Sgroi
et al. (2019).

First, results show a difference of indices values calculated from
interpolated and non-interpolated excitation wavelengths that may
reach more than 30 % (for HIX). This difference is not influenced by the
fluorescence intensity and therefore not related to the amount of organic
matter, involving that it cannot be predicted. As a consequence, it is
recommended to clearly mention how indices are calculated and to
promote the measurement of the required excitation wavelength to not
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have to interpolate it.

Second, an important misfit for almost all samples between the areas
and wavelengths from the index definition (HIX, FI, BIX) and the areas
and wavelengths from the samples (peaks location and curve shape) was
observed. These results show that the excitation and emission wave-
lengths used in these indices are poorly transferable to other study site
than the one it was developed for. This misfit is mainly related to the
different environmental conditions such as pH and the living conditions
of organic matter decomposers that affect both the fluorescence in-
tensity and peaks position. To overcome this issue, it is proposed to
define ranges of excitation and emission wavelengths associated with
the fluorescence indices in order to adapt the calculation method to each
purpose and study.

Third, discussion about the rise of EEM analyses puts into relief the
potential to rethink the 2D-based indices thanks to 3D matrices. Direct
extraction of maximal intensity of fluorescent components on EEM or
peaks extraction obtained thanks to PARAFAC models as proposed by Li
et al. (2019), Serene et al. (2022), and Yang et al. (2020) appear to be a
nice and accurate way to overcome the previously cited limits of 2D-
based indices.

Fourth, the incidence of recent improvement in organic matter
knowledge on the fluorescence indices interpretation is highlighted,
putting into relief that the interpretation of fluorescence indices should
be limited to molecular structure. More specific interpretation should be
thought sample by sample, study by study because the source and fate of
compounds can hardly be generalized as they depend a lot on the
accessibility of organic matter to the decomposer’s organisms (Lehmann
and Kleber, 2015) and other environmental conditions.

To conclude, the present study draws the attention of fluorescence
indices users to unsupervised calculation and interpretation of 2D-based
fluorescence indices. It also greatly encourages the rethinking of fluo-
rescence indices using EEM, to be able to adapt the calculation to each
purpose and study. Moreover, it puts into relief the need of a conceptual
model of the source and fate of fluorescent compounds to go deeper into
fluorescence indices interpretation.
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