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A B S T R A C T

The weighted Groundwater Health Index (wGHI), introduced by Korbel and Hose (2017), is a multimetric, two-
tiered framework for measuring and identifying the ecological status of groundwater ecosystems using biotic and
abiotic indicators. The wGHI was conceived and tested in unconsolidated alluvial aquifers in Australia. In this
study we applied and tested the index in European unconsolidated aquifers located in nitrate vulnerable zones
(NVZ). A refinement of the wGHI was necessary to ensure the compliance with the requirements of the European
Directives. We called the refined index wGHIN where N stands for nitrates. We tested the wGHIN in an un-
consolidated aquifer (VO_EU_GWB) in the River Vomano catchment (central Italy) that was designated NVZ in
2005 and has since been subject to management measures pursuant to the Nitrate Directive. We also monitored a
complex of minor confined unconsolidated aquifers (VO_CON_GWB) located in the same catchment. The wGHIN

highlighted extensive nitrate contamination in both the VO_EU_GWB and VO_CON_GWB aquifers. Despite the
widespread contamination, most of the monitoring sites showed only minor deviations from good ecological
status. The index also highlighted the biodiversity of the aquifers which happened to be among the most diverse
in Europe. The wGHIN proved to be theoretically sounding, concrete, numerical and easily understandable by the
public and policy-makers. Finally, the index was economically sustainable. The wGHIN has certain limitations
that have to be resolved, such as the low correlation of some indicators to the index overall score in the aquifers
of the River Vomano and the fact that the index is not “operationally simple” since it requires taxonomic and
ecological skills.

1. Introduction

Groundwater hosts about 5000 species of stygobiotic invertebrates,
of which 70% are crustaceans (Botosaneanu, 1986; Stoch and Galassi,
2010). Stygobiotic invertebrates are those that carry out their entire life
cycle in groundwater habitats and are unable to survive and reproduce
in surface water habitats (Gibert et al., 1994). In Europe there are ap-
proximately 2000 stygobiotic invertebrate species (Gibert et al., 2009),
of which 1570 are crustaceans (Zagmajster et al., 2014). This number is
surely underestimated and constantly increasing (about 10–20 new
species per year; Stoch and Galassi, 2010) due to the high number of
narrow endemics (i.e., species with a distribution restricted to a single
aquifer or a portion of it, or to a single sampling site; Boulton, 2020).
However, despite the noteworthy taxonomic richness, there is still no
European regulation for the protection and conservation of the stygo-
fauna. In fact, the Habitat Directive (92/43/EEC; EC, 1992), concerning

the conservation of habitats and species of wild fauna and flora of in-
terest at the European scale, only marginally deals with groundwater
ecosystems. The two main European water Directives, the Water Fra-
mework Directive (WFD; EC, 2000) and the Groundwater Daughter
Directive (GDD; EC, 2006), define groundwater in many ways (e.g.,
“natural resource”, “water which is below the surface of the ground”)
but never as an ecosystem hosting specialized fauna.

At present, the only way to protect the stygobiotic diversity in
Europe is through the management measures that Member States must
put in place to protect the groundwater quality and quantity pursuant
the WFD and the GDD. It is hoped (but not mandated or planned) that
these measures will also protect the specialized fauna. For surface water
things are different. According to Annex V of the WFD, the ecological
status of a surface water body must be periodically monitored and
considered good when both its biological and chemical elements show
no, or only very minor, evidence of distortion from the reference
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conditions (EC, 2000). In contrast, the ecological status of groundwater
bodies is not even defined by the WFD and GDD, despite various in-
dicators, indices and approaches being proposed for this purpose over
recent years (e.g., Malard et al., 1996; Hahn, 2006; Korbel and Hose,
2011, 2017; Marmonier et al., 2013; Mermillod-Blondin et al., 2013;
Griebler et al., 2014). A framework based on a two-tiered approach
using biotic and abiotic indicators, and culminating in an index called
the weighted Groundwater Health Index (wGHI), was proposed by
Korbel and Hose (2011; 2017). With respect to the previous ap-
proaches, the wGHI had the merit of considering both biotic and abiotic
indicators of a groundwater body and classifying its overall ecological
health based on the deviation from reference conditions. The wGHI
approach was conceived and first applied in several unconfined alluvial
aquifers located in eight Australian catchments, where agriculture was
the main anthropic pressure in all catchments.

In Europe, a specific type of unconsolidated alluvial aquifer in
agricultural catchments is that of nitrate vulnerable zones (NVZ; EC,
1991). An NVZ aquifer is a groundwater body with a significant
groundwater flow (>10 m3/day) and a volume of abstraction sufficient
to serve 50 people, that is also extensively polluted by nitrates from
agriculture, with concentrations exceeding the European regulatory
threshold of 50 mg/L NO3

– in> 20% of the sampling sites (EC, 2000,
2006). This study aimed at: i) applying the wGHI approach in European
NVZ unconsolidated aquifers and assessing its performance; ii) refining
the approach through incorporating a Tier 3 consisting of five site se-
lection criteria (this refined wGHI is called wGHIN hereafter; N stand for
nitrates); iii) highlighting the applicability of the wGHIN as a man-
agement and communication tool for local authorities in charge of NVZ
in Europe. To this end, we investigated an unconsolidated aquifer in
central Italy (VO_EU_GWB) that was designated NVZ in 2005 and has
since been subject to management measures by the local authority
pursuant the Nitrates Directive. We also monitored a series of minor
confined unconsolidated aquifers (hereafter cumulatively indicated as
VO_CON_GWB complex), not designated NVZ, albeit surrounding
VO_EU_GWB and within the same catchment.

In this study, the following adjustments to terminology were made
to adapt the wGHI jargon to that of the two European Water Directives:
1) “groundwater ecosystem” was replaced by “groundwater body”,
which is the management groundwater unit according to the European
Directives; 2) “groundwater ecosystem health” was replaced by “eco-
logical status of a groundwater body”; 3) ” similar to reference health”
was replaced by “good ecological status”; “mild deviation from re-
ference” by “mild deviations from good ecological status” and “major
deviation from reference” by “major deviations from good ecological
status”.

2. Study area

2.1. Vo_eu_gwb

VO_EU_GWB is an unconsolidated aquifer located in the catchment
(485 km2) of the River Vomano (central Italy; Fig. 1). The VO_EU_GWB
outcrop is 30 km2 (Desiderio et al., 2003). The aquifer substrate consists
of very low permeable lithotypes (marly clays and clayey marls). The
overlaying permeable deposits are distributed in four orders of terraces,
consisting of gravelly and sandy-gravelly thick layers (max 28 m) and,
subordinately, silty-clayey lenses of a few meters (Desiderio et al.,
2003). The hydraulic conductivity is high and ranges between
1 × 10−4 m/s and 2 × 10−3 m/s. The analysis of the unconsolidated
deposits showed that VO_EU_GWB can be considered a monolayer
aquifer (Regione Abruzzo, 2010). The aquifer is mainly fed by the River
Vomano waters, with minor recharges due to rainfall (about 800 mm/
y). The groundwater flow is directed toward the Adriatic coast with the
main drainage axes corresponding to the paleo-riverbeds (Desiderio
et al., 2003). The land use is mainly agricultural with two small in-
dustrial areas of limited extension. VO_EU_GWB meets the requirements

of the WFD (i.e., groundwater flow>10 m3/day and a volume of ab-
straction sufficient to serve 50 people) and was, therefore, identified as
a significant groundwater body and, as such, subject to a chemical and
quantitative monitoring by the local environmental protection agency
every six months since 2000 (Regione Abruzzo, 2010). Due to the
persistent nitrate contamination affecting>50% of the aquifer volume,
VO_EU_GWB has been designated as a NVZ since 2005 and subject to
restrictive measures regarding the use of synthetic and organic fertili-
zers and of the number of cattle head per hectare (Regione Abruzzo,
2010).

2.2. Vo_con_gwb

The territory that extends outside VO_EU_GWB, though within the
same catchment, is a hilly area mainly consisting of Plio-Pleistocene
clayey and clayey-marly layers, with arenaceous deposits of decametric
thickness alternating in sequence (Desiderio et al., 2003). In the are-
naceous layers, several narrow confined aquifers occur, with a
groundwater flow rarely higher than 1 L/s each (Fig. 1). Since none of
these aquifers can serve at least 50 people, they were not considered
significant groundwater bodies according to the WFD and, as such, they
have never been monitored by the local environmental agency. These
minor aquifers (overall indicated with VO_CON_GWB in this study) are
exploited for irrigating small vegetable gardens (Regione Abruzzo,
2010). The VO_CON_GWB outcrops cover an area of about 120 km2,
cumulatively. The area is mainly used for agricultural purposes, with
large zones of uncultivated pasture.

3. Materials and methods

3.1. Sampling survey

In this study, we monitored 40 bores used for irrigation in
VO_EU_GWB and 26 in the VO_CON_GWB complex, in Autumn 2014
and in Spring and Autumn 2015. It was not always possible to make
three sampling surveys per each bore due to unforeseen events related
to the availability of the owners. The bores were located in areas
with> 95% of land use devoted to agriculture. The bores’ depth was in
the range 2–32 m in VO_EU_GWB and 2–100 m in VO_CON_GWB with
two bores (PV7 and PV32) located in deep aquifers. The bores’ char-
acteristics (coordinates, altitude above sea level, depth) are reported in
the BORES sheet of the Supplementary File and in Table 1.

The basic chemico-physical parameters (temperature, pH, dissolved
oxygen and electrical conductivity) were measured in each bore on
each occasion using a WTW 3430 SET G multi-parameter probe prior to
stygofauna collection. The piezometric level was measured by a
phreatimeter. Afterwards, stygofauna was collected using two different
methods depending on the bore type. A Cvetkov net (Cvetkov, 1968),
with a mesh of 60 μm, was used in hand-dug shallow bores and in bores
with a diameter> 50 cm. The net, equipped with a weight anchored to
one end, was lowered into the bores down to the bottom and subse-
quently hauled in order to filter the entire column of groundwater. Ten
hauls were performed in each bore (Hancock and Boulton, 2009). The
volume (V) of the filtered water column was calculated as V = πr2⋅h3
where r was the bore radius in meters and h was equal to the difference
between the piezometric level and the depth of the bore in meters. In
the bores with a diameter< 50 cm, stygofauna was collected by
pumping 50 (when replenishment of the bore was slow) to 500 L of
water and passing it through a 60-µm mesh sieve (Malard et al., 2002).
Pump filters were unhooked before using so as not to damage the an-
imals. The biological samples (153 in total) were preserved by adding
alcohol up to 70% in solution in 500 mL plastic vials. Bores were
purged after stygofaunal collection by pumping three bore volumes of
groundwater. Afterwards, two liters of bore water were taken in order
to analyze 56 agrochemicals (sulphates, N-compounds, heavy metals,
fertilizers and pesticides). Volatile organic compounds were also
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analyzed in order to ascertain that the two small industrial areas and
the narrow urban areas had not contaminated the aquifers.

Biological samples were sorted in the laboratory using a Leica
M205C stereomicroscope at 16x magnification. The specimens were
then classified to the lowest taxonomic level possible, and the taxa were
attributed to two ecological categories (Gibert et al., 1994): stygobites
(SB; species that spend the whole life cycle in groundwater habitats)
and non-stygobites (nSB; epigean species that accidentally occur in
groundwater habitats but that do not have any adaptation to stably live
there). Copepods were identified to species level according to Dussart
and Defaye (2006) and the more recent literature available. Taxonomic
keys were used to identify the taxa to different hierarchical levels be-
longing to the following groups: Acari (Di Sabatino et al., 2002),
Crustacea (Kiefer, 1960; Amoros, 1984) and Diptera Chironomidae in-
stars (Schmid, 1993). Each collected SB specimen was inspected under
the stereomicroscope at 12X magnification and i) juveniles and adults
were identified, ii) sex (M or F) was assigned to adult individuals.

3.2. Preliminary characterization

The aquifers were characterized to provide preliminary information.
First, the biological sampling effort was assessed through a species
richness estimation, using non-parametric estimators, namely Chao 1,
Chao 2, Jackknife 1 and Jackknife 2, Bootstrap, MM and UGE, all de-
scribed in Magurran and McGill (2011) (2010 and references therein).
Values were estimated by means of 999 randomizations without re-
placement. Secondly, environmental and biological differences between
VO_EU_GWB and the VO_CON_GWB complex were ascertained by using
one-way permutational analysis of variances (PERMANOVA; Anderson,
2008). The environmental PERMANOVA was performed retaining the
22 variables (out of 116) that showed a standard deviation different
from zero at least in one of the two aquifers. In fact, variables with
standard deviations equal to zero must be excluded from the analyses to
avoid multi-collinearity (Anderson et al., 2008). The abiotic variables
were normalized before PERMANOVA. Levene’s test was performed
prior to PERMANOVA to verify the homogeneity of the variances. Un-
restricted permutation of raw data and Type I of sum of squares on a

Euclidean similarity matrix were applied as they provide an exact test
for an unbalanced one-way design (Anderson et al., 2008). The sig-
nificance level (α) was set at 0.05. The environmental variables were
also explored by univariate statistics, using independent samples t-tests
when both the assumptions of normality and homoscedasticity were
valid, or with a Wilcoxon rank sum test. The Shapiro’s test was used to
test the normality of the data while the Levene’s test were used to verify
the homoscedasticity of the variances. The biological PERMANOVA was
performed on the basis of a Bray–Curtis dissimilarity matrix computed
on taxa densities (ind/L) under the same settings as for the environ-
mental variables. A dummy variable equal to 1 was added to all bio-
logical samples to allow the inclusion of otherwise empty cells. The
biological data were log (x + 1)-transformed prior to the analyses. All
multivariate analyses were performed with E-PRIMER and PERMAN-
OVA + software (Anderson et al., 2008). Univariate analyses were
performed using R software v. 2.15.0 (R Development Core Team,
2008).

4. The wGHIN theory

The wGHIN consists of the wGHI approach followed by a site se-
lection procedure. The selection procedure is necessary for wGHI
meeting the requirements of the European Directives (EC, 1991, 2000,
2006). The original wGHI was applied to shallow aquifers only. In this
study, we applied the wGHIN to shallow aquifers and also to two deep
aquifers belonging to the VO_CON_GWB complex. We discussed the
results for these aquifers in a separate section of the results.

4.1. The wGHI rational

The wGHI is based on two tiers of assessment of functional, orga-
nizational and stressor indicators. The overall weighted score (OWS) of
the wGHI must be calculated for each temporal replicate (hereinafter
referred to as “site replicate”) of each site in a groundwater body
(Korbel and Hose, 2017). The indicators of the two tiers of the wGHI
were identified and described by Korbel and Hose (2011, 2017), to
which reference is made for information. In brief, Tier 1 (Table 2)

Fig. 1. Location of VO_EU_GWB (black) and
VO_CON_GWB (dark gray) in Abruzzo re-
gion (light gray) and Italy. Sampling sites
are represented by white dots in
VO_EU_GWB and black dots in
VO_CON_GWB. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)
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allows for a preliminary assessment of the ecological status of a site
replicate based on 6 indicators, namely: i) dissolved organic carbon
(functional type); ii) total abundances of crustaceans, total abundances
of oligochaetes, presence/absence of non-stygobiotic taxa (organiza-
tional type); iii) presence/absence of pesticides and nitrate (stressor
type). If one of the site replicates fails even only one of the benchmarks
of Tier 1, then the site shall go through a Tier 2 assessment (Table 2).
What happens if, instead, all the site replicates pass all the benchmarks
of Tier 1, is explained later in the text.

Tier 2 (Table 2) deepens on the ecological conditions of the site
replicates through 12 indicators (4 of the functional type, 5 of the or-
ganizational type and 3 of the stressors type). The number of failures
(hereafter indicated with “F”) first must be added per type of indicator
(respectively, organizational, functional and stressor) and then multi-
plied by a pre-set weighting factors that, in the case of the stressor
indicators, is equal to 2. The weighting factors for the organizational
and functional indicators were determined by Korbel and Hose (2017)
by considering the number of environmental variables (e.g., sediment
types, percentage of total organic matter, prevalence of trees or dis-
solved oxygen concentration) influencing the stygofaunal assemblages.
The overall average ‘failure’ score for both functional and organiza-
tional indicator groups must be multiplied by 0.5 if three or more en-
vironmental influencing factors are present at the sites, by 0.75 if there
are two environmental factors and by 0.875 if there is one environ-
mental factor influencing the site (Korbel and Hose, 2017). The OWS is
calculated for each site replicate as the average of the weighted number
of failures of each indicator type, rounding to the nearest whole
number. The interpretation of the OWS is as following: good ecological
status for OWS = 0 or 1; mild deviation from good status when
OWS = 2 or OWS = 3; major deviation from good ecological status
when OWS ≥ 4. OWS must be assessed for each site temporal replicate
to take into account the variability of the sites (Korbel and Hose, 2017).
A diagram of Tier 2 is shown in Fig. 2 of Korbel and Hose (2017). In this
study, the microbiological indicators were not examined for lack of
funds. The missed application of three microbiological indicators (two
functional and one organizational) prevented the OWS from assuming
values> 3. For this reason, the ranges of OWS values were re-modu-
lated as follows: good ecological status for OWS = 0 or 1; mild de-
viation from good ecological status when OWS = 2; major deviationTa
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Table 2
The two tiers of the wGHI by Korbel and Hose (2017). Tier 1 and 2 indicators
are shown together with their respective benchmarks. MA: microbial activity.
ESP: Environmental Sample Processor.

Tier 1

Indicator type Indicator Benchmark
Functional Dissolved Organic Carbon <4 mg/L
Organizational Total abundances of crustaceans >50%
Organizational Total abundances of oligochaetes < 10%
Organizational Stygoxenes Absent
Stressors Pesticides Absent
Stressors Nitrate-N <2 mg/L

Tier 2
Functional MA – number of sources used, assessed through

BiologTM Ecoplates
0.12–0.97

Functional MA ESP – loss of tensile strength assessed through
cotton strip essay

24.1 ± 6

Functional Abundance of stygobiotic species > 1
Functional Dissolved organic carbon 0–3.7
Organizational Microbial diversity, assessed through BiologTM

Ecoplates
1–21

Organizational Stygobiotic species richness 1–8
Organizational % crustaceans (abundances) 50–100
Organizational % oligochaetes (abundances) 0–36
Organizational % stygoxenes (abundances) 0–14
Stressors Agrochemicals Absent
Stressors Nitrates (mg/L) 0–2
Stressors Reactive phosphorous (mg/L) 0.03–0.57
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from good ecological status when OWS > 2. The remodeling is al-
lowed as “it is possible to choose different subsets of indicators and methods
for Tier 2 assessment depending on the situation or resources available”
(Korbel and Hose, 2017)”.

To assess the performance of the wGHI in VO_EU_GWB and
VO_CON_GWB complex, we considered how the quality of each in-
dividual indicator affected the performance of the resulting OWS
(Moriarty et al., 2018). Quality was defined as the ability of an in-
dicator of Tier 2 to track the OWS and was assessed by computing the
indicator’s correlation to the OWS, according to Moriarty et al. (2018).
We defined high-quality indicators those showing Spearman’s correla-
tion ≥0.70 to the OWS, medium-quality indicators those with corre-
lation in the range 0.30–0.69 and low-quality indicators those showing
correlation<0.30. The metric used to evaluate the ability of the wGHI
to track the OWS (performance) was the average Spearman’s correla-
tions, computed at regional (n = 153) and aquifer scale (n = 97 in
VO_EU_GWB; n = 56 in VO_CON_GWB), where n is the number of site
replicates.

4.2. The site selection procedure

The Directives require that the Member States report an overall
verdict of the ecological status of a groundwater body as either good or
poor, on the basis of the results of two to three sampling surveys in a
number of sampling sites sufficient to represent most of its volume. To
this purpose, we introduced a Tier 3, following Tier 2, that made the
necessary refinement to the wGHI. Tier 3 consists of five site selection
criteria.

Criterion#1 (Tier 1 refinement): if a site meets all the indicators’

benchmarks of Tier 1 in all its replicates and shows at least one SB
species in at least one of its replicates, it shall be considered having an
OWS = 1 and passed to Criterion#5. Otherwise, it shall be inspected
through Tier 2.

Criterion#2 (Tier 2 refinement): each site shall be attributed the
highest OWS value among those of its replicates.

Criterion#3 (Tier 2 refinement): the sites that, following Criterion#2,
are in good ecological status (OWS= 0–1), but never hosted SB species,
shall be excluded from Criteria#4 and #5 and reported with a gray
color and an “undetermined ecological status” interpretation in the
map. The absence of SB species in sites where no functional, organi-
zational and stressor deviations from the respective benchmarks occur,
can be due to factors not considered in the wGHI, such as the alteration
of the aquifer level due to excessive pumping (Di Lorenzo and Galassi,
2013), unsuitable sediments (Korbel et al., 2019; Piccini et al., 2019),
presence of chemical compounds not related to the agricultural practice
and, therefore, not monitored, such as pharmaceutical compounds or
mixtures of compounds with synergistic toxic effects (Di Marzio et al.,
2018; Di Lorenzo et al., 2018, 2019). The sites with an “undetermined
ecological status” must be subject to a specific monitoring, of which
details will be given in the discussion paragraph.

Criterion#4 (Tier 2 refinement): the sites that, following Criteria#2
and 3, are in good ecological status (OWS = 0–1) but that do not have
at least one SB species with, at least, three individuals, one male, one
female and one juvenile, shall be excluded from Criterion#5 and re-
ported with a “good ecological status but with potentially impaired
population dynamics” interpretation and a yellow color in the map.
Criterion#4 is to be intended as an early warning principle indicating
possible alterations of the populations’ dynamics. The rationale of
Criterion#4 was based on the evidence that: i) stress factors can affect
population dynamics of some species of freshwater crustaceans (e.g.,
Peschke et al., 2014; Cifoni et al., 2017;); ii) the sex ratio of some po-
pulations of freshwater copepods were skewed in favor of female in-
dividuals in impaired water bodies (e.g., Krupa, 2015); iii) the devel-
opment of juvenile copepods was slowed down in populations exposed
to ammonium nitrate (Di Marzio et al., 2013); iv) juveniles of some
species of stygobiotic copepods, such as Diacyclops belgicus, were more
sensitive to ammonium nitrate than adults (Di Marzio et al., 2018).

Criterion#5 (Tier 2 refinement): following Criteria#1–4, a ground-
water body shall be considered in a good ecological status, and reported
with a green color in the map, if > 80% of its sites is in good ecological
status (OWS = 0–1). Otherwise, the groundwater body shall be con-
sidered in a poor ecological status and reported with a red color in the
map. The 80% is suggested as default criterion by WFD (CIS-EU, 2009).

5. Results

5.1. Preliminary characterization

The values of the 116 environmental variables of VO_EU_GWB and
VO_CON_GWB, per sampling survey, are shown in the Supplementary
File (CHEM). Only 22 out of 116 variables occurred with concentrations
above the detection limits and were used in the statistical analyses
(Table 1). Nitrites contamination was detected in 35% of sites in VO_-
CON_GWB and 60% of sites in VO_EU_GWB. Nitrate contamination
(concentrations ≥50 mg/L) was detected in 65% of sites in VO_-
CON_GWB and 75% in VO_EU_GWB. Nitrate concentrations were>2
mg/L in 97% of the sites in both aquifers. Ionized ammonium con-
tamination was detected in 31% of sites in VO_CON_GWB and none in
VO_EU_GWB. The variances of the 22 variables were heteroskedastic
(PERMDISP: F = 4.13, p = 0.0462). Although this does not constitute a
specific violation of PERMANOVA’s assumptions, we preferred not to
perform this analysis on the whole set of variables to avoid errors of
interpretation. The number of variables was, therefore, reduced to 20
by excluding altitude and piezometric level. The variances of the re-
maining 20 variables were homoscedastic (PERMDISP: F = 2.81,

Fig. 2. Species rarefaction curves and estimators’ curves for the taxa collected
in VO_EU_GWB (up) and VO_CON_GWB (bottom) at increasing sample size. S
(obs): species rarefaction curve of observed species richness. Other lines re-
present the estimated species richness using mean values obtained by the non-
parametric estimators. Estimated species richness after 97 samples in
VO_EU_GWB: Chao1: 56; Chao2: 43; Jacknife1: 46; Jacknife2: 48; Bootstrap: 42;
MM: 38; UGE: 38. Estimated species richness after 56 samples in VO_CON_GWB;
Chao1: 31; Chao2: 37; Jacknife1: 40; Jacknife2: 42; Bootstrap: 35; MM: 31;
UGE: 31.

T. Di Lorenzo, et al. Ecological Indicators 116 (2020) 106525

5



p = 0.0986). The PERMANOVA analysis showed that the hydro-
chemistry was significantly different between VO_CON_GWB and
VO_EU_GWB (PERMANOVA, pseudo-F = 3.71, p = 0.0001,
perm = 9898), VO_CON_GWB being higher in the concentrations of
calcium, sulphates, ammonium, potassium, sodium, chlorides, TOC,
DOC and electrical conductivity (Table 1). Univariate statistics were
significant for temperature (W = 282, p = 0.0018), dissolved oxygen
(t = −2.09, p = 0.0426), TOC (W = 768.5, p = 0.0011), DOC
(W = 802.5, p = 0.0002), NO2

− (W = 301, p = 0.0034), PO4
3−

(W = 753, p < 0.0001), K+ (W = 727.5, p = 0.0066), 1,1,2,2-tet-
rachlorethylene (W = 325, p = 0.0005) and altitude (W = 714,
p = 0.0111). Temperature (W = 282, p = 0.0026), NO2

− (W = 243,
p = 0.0001), PO4

3− (W = 585.5, p = 0.0056) and K+ (t = 2.6013,
p = 0.0124) were also significant after outliers were removed.
VO_EU_GWB, which is located at lower altitudes respect to VO_-
CON_GWB, had higher values of temperature, dissolved oxygen, nitrites
and phosphates and lower values of TOC, DOC and TCE compared to
VO_CON_GWB (Table 1).

Overall, 5724 individuals belonging to 38 taxa (22 SB and 16 nSB)
were collected in VO_EU_GWB and 10,733 individuals belonging to 31
taxa (19 SB and 11 nSB) in VO_CON_GWB (Supplementary File, BIO).
Crustaceans, insects and acari were collected in VO_EU_GWB; crusta-
ceans, insects, acari and nematomorphs were collected in VO_-
CON_GWB. All SB taxa were crustaceans in both VO_CON_GWB and
VO_EU_GWB. Copepods (Crustacea Copepoda) accounted for> 97% of
the abundances in both VO_EU_GWB and VO_CON_GEB. Four SB species
new to science were found, one in VO_EU_GWB and three in VO_-
CON_GWB. In VO_EU_GWB, three non-parametric estimators out of
seven reached the asymptotes, indicating the exhaustiveness of the
sampling effort (Chao1, MM and UGE; Fig. 2a). The remaining esti-
mators indicated that the sampling effort was such to unveil from a
minimum of 63% (Chao 2) to a maximum of 91% (Bootstrap) of the
expected biodiversity. Similarly, in VO_CON_GWB, three non-para-
metric estimators out of seven reached the asymptotes (Chao1, MM and
UGE; Fig. 2b). The remaining estimators indicated that the sampling
effort was such to unveil from a minimum of 79% (Chao 2) to a max-
imum of 86% (Bootstrap) of the expected biodiversity. Thirteen species
were exclusive of VO_EU_GWB, while 6 species occurred in VO_-
CON_GWB only (Supplementary File, BIO), however the PERMANOVAs
returned no significant differences in the biological assemblages of the
aquifers (pseudo-F = 1.76, p = 0.0986, perm = 9937).

5.2. The wGHIN

The environmental variables considered to be associated with high
values of stygobiotic species richness and abundances in the aquifers of
the River Vomano were: 1) sand and coarse sand/gravel and 2) dis-
solved oxygen concentrations> 30%. The numbers of failures of the
functional and organizational indicators were multiplied by 0.875 in
twenty-one site replicates where dissolved oxygen concentrations
were< 30% and by 0.75 in the remaining site replicates. All the site
replicates in VO_EU_GWB presented at least one failure of the Tier 1
benchmarks (Supplementary File, Tier 1), likewise for all the site re-
plicates in VO_CON_GWB. In detail, 95% of the VO_EU_GWB site re-
plicates and 91% of VO_CON_GWB’s failed the stressor benchmarks
because of nitrates (Table 3). In addition, functional indicator failures
occurred in 13% of the VO_EU_GWB site replicates and in 30% of
VO_CON_GWB’s. Finally, 52% of the VO_EU_GWB site replicates and
64% of the VO_CON_GWB’s failed the organizational benchmarks. The
results of Tier 2 for each site replicate are shown in the Supplementary
File (Tier 2). Overall, 87% of the VO_EU_GWB site replicates and 89% of
VO_CON_GWB’s failed the functional benchmarks. The organizational
benchmarks were failed in 61% of the site replicates of VO_EU_GWB
and in 71% of VO_CON_GWB’s. In both aquifers, most of the failures
were due to deviations in the percentages of nSB and SB abundances.
The stressors benchmarks were failed in 97% of VO_EU_GWB site

replicates and 98% of VO_EU_GWB site replicates. The failure rate for
the nitrate benchmark was>90% in both aquifers.

Finally, 54% of the site replicates of VO_EU_GWB were in good
ecological status, 44% showed only mild deviation from good ecolo-
gical status and 2% major deviations. As for the VO_CON_GWB com-
plex, 46% of the site replicates were in good ecological status, 50%
showed mild deviations and 4% major deviations (Table 3). The values
of OWS were variable from one survey to another (Table 3) meaning
that most of the sites passed from a good ecological status to mild/
major deviations, and vice versa, during the survey.

The performance of the wGHI was medium at all scales (r = 0.36,
n = 153; r = 0.44, n = 97; r = 0.44, n = 56). Overall, 7 out of 9
indicators of Tier 2 showed significant correlation to OWS (p < 0.05),
however the quality was high for the agrochemical indicator only,
being low for nitrate and medium for the remaining indicators
(Table 4). At the aquifer level, the agrochemical indicator showed the
highest quality in both the two aquifers, being the quality of the re-
maining indicators medium/low (Table 4).

The whole wGHI cost 34,435 € in VO_EU_GWB and 19,880 € in
VO_CON_GWB, with the overall cost per sample about 355 €, that is
about 55 €more per site replicate (at the current exchange rate) than in
Australia (Korbel and Hose, 2017). The difference in cost of the wGHIN

over the routine monitoring carried out for the purposes of the Water
Directives in Europe was equal to 5200 € in VO_CON_GWB and 8000 €
in VO_EU_GWB. Details of the costs per sample are provided in the
Supplementary File (COSTS).

As for Critetion#1, in both VO_EU_GWB and VO_CON_GWB, all site
replicates failed Tier 1 and were inspected through Tier 2. 'Following
Criterion#2, 5 out of 40 sites in VO_CON_GWB and 7 out of 26 sites in
VO_EU_GWB had good ecological status (Supplementary File, Tier3).
Following Criterion#3, two sites were excluded from both VO_EU_GWB
and VO_CON_GWB because SB species did not occur in any of their site
replicates. Following Criterion#4, only 2 sites in good ecological status
in VO_CON_GWB and 3 in VO_CON_GWB presented populations with
one male, one female and one juvenile individuals for at least one SB
species (Supplementary File, MFJ_SB) and were, therefore, retained in
Criterion#5. Finally, following Criterion#5, only 7% of the
VO_EU_GWB sites and 8% of the VO_CON_GWB’s were found to be in
good ecological status. The remaining sites showed only mild deviation
from the good ecological status, except for two sites in VO_EU_GWB and
two in VO_CON_GWB, which showed major deviation. Both aquifers
were considered in a poor ecological status overall. A representation of
the ecological status of the individual sites is represented in Fig. 3.

No additional costs were required for the application of Tier 3 as the
distinction in males, females, juveniles and adults was performed while
identifying individuals at the species level.

5.3. The wGHIN in deep aquifers

The bores PV7 (depth: 82 m) and PV32 (depth: 100 m), which in-
tercepted two deep aquifers in the complex VO_CON_GWB, did not
show anomalies with respect to the functional and organizational in-
dicators, i.e. the values recorded in these bores were in the range of
those observed for the sites in the shallow aquifers. In particular, the
number of SB species in PV7 (=3) and PV32 (=2) was equal to that
showed by 33% of the samples.

6. Discussion

Despite the terms indicator and index are often used inter-
changeably in the literature, they are different concepts involving, re-
spectively, only one directly observable data stream and a quantitative
aggregation of two or more variables. An index is mainly used in de-
cision analysis to evaluate the impacts of alternative management
strategies, or to define thresholds and goals for management. Through
collapsing functional, organizational and stressor indicators into a
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single value, the wGHIN can serve as a management and communica-
tion tool for the local authority in charge of the NVZ in the River
Vomano catchment.

The first indication that the wGHIN provided is that nitrate con-
tamination extensively affected both VO_EU_GWB and the minor
aquifers of the VO_CON_GWB complex. Both VO_EU_GWB (75% of sites)
and VO_CON_GWB (65% of sites) exceeded the European threshold
value of 50 mg/L NO3

−. The contamination did not only concern ni-
trate but also nitrites, ionized ammonium and phosphates which were
detected in most areas of each aquifer. No pesticides were found with
concentrations above the limit of instrumental quantification, never-
theless, the stressors indicators of Tier 2 of the wGHIN highlighted that,
from a chemical point of view, the conditions were unfavorable for the
resident stygobiotic community.

Despite the widespread and persistent agricultural contamination,
only 4 out the 66 sites of VO_EU_GWB and VO_CON_GWB, cumula-
tively, showed major deviation from good ecological status. This result,
although surprising, is reliable. In fact, the stygobiotic community of
these aquifers was dominated by crustaceans, a typical condition of
groundwater bodies in a good status (Hancock and Boulton, 2009;
Galassi et al., 2009, 2014, 2014). In addition, oligochaetes, which are
often collected from aquifers polluted by organic compounds (Lafont
et al., 1996; Malard et al., 1996), never occurred in either VO_EU_GWB
or VO_CON_GWB. Furthermore, the stygobiotic diversity detected in the
two aquifers (22 species in VO_EU_GWB and 19 VO_CON_GWB; 4 spe-
cies new to Science) is truly remarkable.

A dataset of stygobiotic species richness (SSR) in European un-
consolidated porous aquifers was provided by Malard et al. (2009). It
includes the SSR data from 51 porous aquifers, characterized by the
best possible environmental conditions for the resident stygofauna from
8 European regions (Fig. 4). The SSR detected in the aquifers of this
study fell in the first quartile of the distribution of SSR data for Eur-
opean porous aquifers, that is VO_EU_GWB and VO_CON_GWB both
ranked among the most biodiverse European aquifers (Fig. 4). Con-
sidering the SSR at the catchment level (SSR = 26 in 150 km2 in this
study), it can be noted that the stygobiotic diversity of the aquifers of
the River Vomano catchment is second only to that of the Upper Right
Rhone alluvial aquifer (SSR = 27 in 129 km2; Malard et al., 2009) out
of the 51 analyzed aquifers. In VO_CON_GWB, the two sites in good
ecological status (mapped in green in Fig. 3), cumulatively presented an

SSR = 7, a value which is higher than those of 14 aquifers out of 51 in
the database used by Malard et al. (2009). The three sites in good
ecological status of VO_EU_GWB showed an SSR = 9, representing 41%
of the biodiversity of the whole aquifer. In both VO_EU_GWB and
VO_CON_GWB, the high stygobiotic species richness was often asso-
ciated with the occurrence of non-stygobiotic species in almost half of
the sites.

The collection of stygoxene species in unconsolidated aquifers has
been observed frequently (e.g., Galassi et al., 2009; Di Lorenzo and
Galassi, 2013; Di Lorenzo et al., 2015) and it is not, per se, a dangerous
condition for the resident stygofauna. In most cases, in fact, the oc-
currence of stygoxenes is due to connections with the surface aquatic
environments (Lafont et al., 1996; Malard et al., 1996, Dumas et al.,
2001; Schmidt et al., 2007; Di Lorenzo et al., 2012). Stygoxenes become
a negative impact on the resident stygofauna only when conditions
favorable to their survival occur, such as a constant and abundant
presence of organic matter in groundwater. Under these conditions, the
stygoxene organisms, which have metabolic rates (e.g., Di Lorenzo
et al., 2015) and fertility higher than those of their surface relatives,
manage to take the greatest advantage of the trophic resource and end
up outnumbering the resident species (Malard et al., 1996). In the
aquifers of the River Vomano catchment, the occurrence of stygoxenes
was likely favored by the recharge of the aquifers through the in-
filtration of the water of the River Vomano. However, the amount of
trophic resource in the sampling sites (see DOC values) were in line
with that of unpolluted aquifers (e.g., Galassi et al., 2014) and were, in
average, not such as to favor the long permanence of the voracious
stygoxenes. Therefore, the map of Fig. 3, which showed dots mainly
colored in orange, indicates that the groundwater bodies of the River
Vomano presented, after all, only moderate deviations with respect to
good ecological status.

It still remains to be understood how the stygobiotic community of
VO_EU_GWB and VO_CON_GWB can cope with such a marked and
persistent contamination of nitrogen compounds. What we know is that
some stygobiotic crustacean species are highly affected by ionized
ammonium (Di Lorenzo et al., 2014; Di Marzio et al., 2018) and mod-
erately by nitrates (Fakher el Abiari et al., 1998; Mösslacher and
Notenboom, 2000). We also know that crustacean juvenile stages, such
as copepodids, are much more sensitive than the adults (Di Marzio
et al., 2013, 2018). Based on the above observations, it is plausible to

Table 3
Percentage of site replicates that failed (“F_”) the benchmarks of Tier 1 and percentage of site replicates in the 0–1 and 2–3 OWS classes. DOC: dissolved organic
carbon; TAC: total abundances of crustaceans; TAO: total abundances of oligochaetes; nSB: non-stygobiotic taxa; SB_ABB: total abundances of stygobiotic taxa; SSR:
species richness of stygobiotic taxa; C: % of crustaceans; O: % of oligochaetes; Agro: occurrence of agrochemicals with concentrations above the detection limits;
Surveys: I: Autumn 2014; II: Spring 2015; III: Autumn 2015. OWS: overall weighted score.

Tier 1 Surveys Replicates Functional Organizational Stressors

Aquifer F_DOC F_TAC F_TAO F_nSB F_pesticides F_Nitrates

VO_EU_GWB I,II,III 97 13 18 0 52 0 95
VO_CON_GWB I,II,III 56 30 16 0 64 0 91

Tier 2 Functional Organizational Stressors

Aquifer Surveys Replicates F_SB_ABB F_DOC F_SSR F_C F_O F_nSB F_Agro F_Nitrate F_Phosphate

VO_EU_GWB I,II,III 97 80 15 39 18 0 43 49 95 2
VO_CON_GWB I,II,III 56 93 32 57 16 0 57 52 91 7

Aquifer Surveys OWS = 0,1 OWS = 2 OWS = 3

VO_EU_GWB I 69 31 0
VO_EU_GWB II 60 39 1
VO_EU_GWB III 40 59 1
VO_EU_GWB I,II,III 54 44 2
VO_CON_GWB I 68 30 2
VO_CON_GWB II 32 68 0
VO_CON_GWB III 22 76 2
VO_CON_GWB I,II,III 46 50 4
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expect that the biodiversity of the aquifers of the River Vomano
catchment prior to contamination should have been higher than it is
now, and that, probably, the most sensitive species have now dis-
appeared. This result suggests that the indicators’ benchmarks for sty-
gobiotic species richness and abundances of Tier 2 may need to be
adjusted to account for the disappeared biodiversity. This could have
been done by sampling reference sites to establish what the biodiversity
(in terms of richness) should be and adjusting the reference thresholds
accordingly. However, this approach is impossible since there are no
true reference sites left to sample in these aquifers.

It is not unlikely that some of the stygobiotic species currently oc-
curring in the aquifers will soon end up the same way. For instance, in
18 months of monitoring, the juveniles of the SB species
Parapseudoleptomesochra italica were never collected in the
VO_CON_GWB complex (data not shown), which was contaminated by
ionized ammonium in addition to nitrate. Finally, we know that when a
N-compound, such as ionized ammonium is mixed up with a pesticide,
such as the herbicides Imazamox, the toxicity of the individual che-
micals to groundwater copepods increases because of a synergic effect
(Di Marzio et al., 2018). At the moment, this is a condition that has not
occurred in the investigated aquifers, but must be a warning to the local
authority to continue limiting the use of pesticides in the River Vomano
catchment.

The wGHIN showed a medium performance in both VO_EU_GWB
and VO_CON_GWB and, therefore, the index should be applied to ad-
ditional aquifers before being fully validated. The wGHIN validation is
challenging at the moment due to the lack of large datasets that can be
used to test the index accuracy. However, the wGHIN, as well as the
mother-index wGHI, fulfills many of the criteria used to score existing
indices against (Moriarty et al., 2018). First, the index is theoretically
sound, since scientific, peer-reviewed findings demonstrated that the
indicators are reliable surrogates for groundwater ecosystem key at-
tributes. Secondly, the spatial and temporal variation of the scores in
the wGHIN (and wGHI) are understood. Thirdly, the index is “concrete”
(i.e. that the indicators are directly measurable) and “numerical” (i.e.
quantitative measurements were preferred over categorical – presence/
absence – measurements). Since the site scores can be reported in color-
coded maps, the results of the wGHIN are also easily understood by the
public and policy-makers. Finally, the index is economically sustain-
able. However, it is worth mentioning some issues that have yet to be
addressed and resolved. In fact, many indicators responded ambigu-
ously to the variation of the ecosystem (i.e., the correlation to OWS was
medium/low for most of the indicators in the River Vomano aquifers).
In addition, the index portability, that is the extent of repeatability and
reproducibility in different contexts, have to be tested yet. The wGHIN

is not exactly “operationally simple”. In fact, the methods for sampling,
measuring, processing and analyzing the indicator data are feasible,
though requiring taxonomic and ecological skills. Finally, the applica-
tion of the wGHIN to deep aquifers did not show evident indicator
anomalies. Although the number of sites in the deep aquifers was really
too small to draw any conclusions, future studies could be aimed at
evaluating the performance of the indicators in aquifers deeper than
30–40 m.

The indications that the results of this study provides to the local
government are as follows: 1) the delimitation of the NVZ, and the
application of the relative restrictive measures in terms of the use of
natural or synthetic fertilizers, as well as of the number of livestock per
hectare, should be extended to the whole catchment of the River
Vomano and not to be limited to the outcrop of VO_EU_GWB, as it is
presently. 2) The management measures should be more restrictive at
sites that were in good ecological status and in a “good ecological status
but with potentially impaired population dynamics”, in order to safe-
guard their biodiversity. 3) The sites that were in an “undetermined
ecological status” must be further investigated to identify the presence
of non-agricultural factors affecting the stygobiotic community. 4)
Local authority should invest in monitoring the microbiological com-
ponent of the aquifers in order to complete the assessment of the eco-
logical status of the aquifers.

7. Conclusions

The weighted Groundwater Health Index, conceived by Korbel and
Hose (2017) to assess the ecological status of unconsolidated alluvial
aquifers in Australia, was successfully applied to unconsolidated aqui-
fers widely contaminated by nitrogen compounds of agricultural origin
in central Italy. We observed that, following a simple refinement that
led to the formalization of wGHIN, the index satisfactorily described the
ecological status of the aquifers. The refined wGHI provided results that
can be easily understood and used by the local government for the
management of nitrate vulnerable zones pursuant to the European Ni-
trates Directive and the Water Directives. Specifically, the wGHIN

provides an unequivocal assessment of the ecological status of a
groundwater body, that can be either good or poor. The study also
highlighted the relevant biodiversity of the aquifers of the River Vo-
mano catchment which happened to be among the most biodiverse in
Europe. Despite the fact that the performance of the index in
VO_EU_GWB and VO_CON_GWB was medium, its application in other
contexts is encouraged in order to better tune its indicators.

Table 4
Spearman’s correlation at regional and aquifer scale. SB_ABB: abundances of
stygobiotic speceis; DOC: dissolved organic carbon; SB_SR: species richness of
stygobiotic taxa; C: % of crustaceans; O: % of oligochaetes; nSB: % of non-
stygobiotic taxa; AGRO: agrochemicals; NIT: nitrates; PHOS: phosphates. M:
medium; L: low; H: high. Quality was defined as the ability of an indicator of
Tier 2 to track the OWS and was assessed computing the indicator’s correlation
to the OWS.

Regional

Variable 1 Variable 2 r p-values Quality

SB_ABB OWS −0.48 0.0001 M
DOC OWS 0.33 0.0001 M
SB_SR OWS −0.43 0.0001 M
C OWS −0.17 0.0329 L
O OWS 0 1
nSB OWS 0.19 0.0185 L
AGRO OWS 0.79 0.0001 H
NIT OWS 0.16 0.0424 L
PHOS OWS −0.14 0.0766

VO_CON_GWB

Variable 1 Variable 2 R p-values Quality

SB_ABB OWS −0.46 0.0008 M
DOC OWS 0.28 0.035 L
SB_SR OWS −0.42 0.0019 M
C OWS −0.07 0.5909
O OWS 0 1
nSB OWS 0.22 0.1016
AGRO OWS 0.75 0.0001 H
NIT OWS 0.24 0.0796
PHOS OWS 0.29 0.0254 L

VO_EU_GWB

Variable 1 Variable 2 R p-values Quality

SB_ABB OWS −0.46 0.0001 M
DOC OWS 0.30 0.0041 L
SB_SR OWS −0.40 0.0002 M
C OWS −0.22 0.0277 L
O OWS 0 1
nSB OWS 0.13 0.2084
AGRO OWS 0.82 0.0001 H
NIT OWS 0.12 0.231
PHOS OWS −0.41 0.0002 M
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Fig. 3. Representation of the sites (points) of VO_EU_GWB (delimited white area) and VO_CON_GWB (gray area) and their location in Abruzzo region and in Italy. The
colors represent the ecological status: green = good ecological status; yellow: good ecological status but with potentially impaired population dynamics; gray:
undetermined ecological status; orange: mild deviation from good ecological status. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Stygobiotic species richness (SSR) data from 51 porous aquifers (blue diamonds) characterized by the best possible environmental conditions for the resident
stygofauna, from eight European regions after Malard et al. (2009) and SSR (stygobiotic species richness) data from VO_EU_GWB and VO_CON_GWB (green dots).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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