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SUMMARY

1. Reduced metabolic rates of groundwater taxa, compared to those of surface water species, have
long been inferred to be an adaptive trait where there is a low and discontinuous food supply and
unpredictable shifts between hypoxic and normoxic conditions. However, there have been neither
measurements of the respiratory rate of groundwater copepods nor a comparison of rates between
closely related groundwater and surface water species.

2. We measured the metabolic rates of two species of Cyclopoida: Cyclopidae, the stygobiotic (hypo-
gean) copepod Diacyclops belgicus and the epigean Eucyclops serrulatus, which co-occur in the same
alluvial aquifer. We expected the metabolic rate of the hypogean to be lower than that of the epigean
species, irrespective of the ontogenetic stage, which would be consistent with the hypothesis that
there is a generally lower metabolic rate in groundwater species.

3. The metabolic rate of D. belgicus was significantly lower than that of the epigean E. serrulatus, irre-
spective of the ontogenetic stage. We found an allometric relationship between oxygen consumption
and body mass for E. serrulatus, an isometric one for D. belgicus juveniles and a rate of oxygen con-
sumption that apparently does not change systematically with body mass for D. belgicus adults.

4. The low metabolic rate of D. belgicus may be advantageous in oligotrophic groundwater habitats,
where large fluctuations in oxygen availability occur. However, these physiological adaptations can
put hypogean species at risk of replacement by more metabolically active epigean taxa, whenever
the availability of organic matter increases, as happens with organic pollution. Moreover, the low
metabolic rate of the hypogean species may entail an inability to cope with toxicants, rendering them
more sensitive to pollutants. A higher metabolic rate in juvenile D. belgicus compared to that of
adults allows copepodids to mature quickly when food is briefly abundant.
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Cyclopoida and Harpacticoida have most successfully

Introduction invaded inland ground water (Boxshall & Defaye, 2008),

Crustaceans represent about 10% of total invertebrate
species known from fresh waters globally (Balian et al.,
2008). With more than 1100 species living in ground
water (Galassi, 2001; Galassi, Huys & Reid, 2009), cope-
pods are by far the most abundant and species-rich
group in ground water and ecosystems dependent upon
ground water (Hatton & Evans, 1998). The orders

while the Calanoida are less represented there, occurring
in the plankton of subterranean lakes (Brancelj &
Dumont, 2007). Accordingly, more than one-third of the
known species of copepods are ‘stygobiotic’, that is
strictly confined to ground water and with specific
morphological and physiological adaptations to this
environment (Galassi, 2001). Other copepod species may
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be found in ground water, being either ‘stygophiles’ or
‘stygoxenes’.  Stygophile copepods can live and
reproduce in subterranean habitats, as well as in some
marginal surface water environments, and they may, or
may not, possess some affinities and morphological
adaptations to ground water. Stygoxene copepods are
epigean (surface water) species, often characterised by
wide ecological tolerance (Malard, Plénet & Gibert,
1996), that are occasionally found in ground water. They
enter ground water accidentally, via passive transport,
or actively, with infiltrating water (Brunke & Gonser,
1997; Di Lorenzo, Stoch & Galassi, 2013). Although sty-
goxenes do not show affinities or adaptations to ground
water, they can be found in this environment, sometimes
with egg sacs and copepodids. However, their popula-
tions typically do not proliferate in ground water (Gibert
et al., 1994), except where it is organically enriched,
often due to pollution (Malard et al., 1994, 1996).

While some information is available on morphological
adaptations of stygobiotic copepods, little is known
about their other biological traits. From the few studies
available (see Galassi, 2001 for a review), stygobiotic co-
pepods seem to produce fewer (though larger) eggs than
epigean species, possibly thus securing an endogenous
food supply for larvae in an environment where food
availability is highly stochastic. A general trend towards
prolongation of the post-embryonic development in sty-
gobiotic  cyclopoids and harpacticoids has
observed, as well as a longer life span compared to epi-
gean relatives (Rouch, 1968; Glatzel, 1990). Time for egg
development is also longer than that of epigean relatives
among the cyclopoids (Lescher-Moutoué, 1973, 1974;
Bjornberg & Por, 1986). These developmental traits,
which have been interpreted as adaptations (by conserv-
ing energy) in an oligotrophic environment (Hervant &
Renault, 2002; Wilhelm, Taylor & Adams, 2006), have
been related to the low metabolic rate reported for sty-

been

gobiotic taxa (Culver, 1982; Huppop, 1985, Hervant,
Mathieu & Messana, 1997; Hervant et al., 1998; Wilhelm
et al., 2006). However, to our knowledge, neither mea-
surements of respiratory metabolism of groundwater co-
pepods, nor comparison of metabolic rates among
closely related groundwater and surface water copepod
species, have ever been performed.

We measured the metabolic rates of two species of
Cyclopoida Cyclopidae, the stygobiotic (hypogean)
copepod Diacyclops belgicus and the stygoxene Eucyclops
serrulatus, which co-occur in the same alluvial aquifer.
We expected the metabolic rate of the stygobiont to be
lower than that of the epigean species, irrespective of
the ontogenetic stage (juveniles and adults), which
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would be consistent with the more general hypothesis
that there is an overall difference between these two
groups.

Methods
Collection of copepods for respiration experiments

The specimens used were collected from two wells (W1
and W2), located 300 m apart (coordinates: W1
43°49'02.61" N 11°11'59.79" E; W2 43°48'59.43" N
11°11’51.87" E). Both wells (water table depth >2 m) are
situated in the shallow Quaternary alluvial aquifer of
Medio Valdarno (Tuscany, Italy). Prior to respirometric
trials, we examined ground water from both wells for dis-
solved organic carbon (DOC) and 32 chemicals, including
ammonium, nitrites, nitrates, heavy metals, inorganic pol-
lutants, PAHs, pesticides and organochlorines. Chemical
analyses indicated that ground water from the two wells
contained no contaminants at concentrations of concern
according to the European Directives 2006/118/EC and
2000/60/EC. A phreatobiological net-sampler (mesh size
60 um, modified after Cvetkov, 1968) was used to collect
copepods from the bottom and the water column of the
wells. After collection, samples were kept in a cooler and
immediately transferred to the laboratory. In the labora-
tory, copepods were separated into two morphological
groups (Eucyclops group and Diacyclops group, respec-
tively), based on external macro-characters assessed at
12x magnification. In a preliminary survey, and on one
occasion only, 25% of the specimens collected in each
group was identified to species at 100x magnification,
after mounting and dissection on a glass slide, to check
the groupings made at 12x. The specimens required for
the further respirometric trials were identified at 12x
magnification from then on. Two different and highly
localised species were identified: the stygoxene E. serrula-
tus occurring in the well W1 and the stygobiotic D. belgi-
cus occurring in the well W2. DNA barcoding analysis
was carried out on live specimens of the two species to
exclude the presence of cryptic species belonging to the
same genera (see also Di Lorenzo et al., 2014a).

Experimental design

To ensure the same experimental conditions for both
species, the specimens required for the respirometric tri-
als were freshly collected 3 days before the beginning of
each trial. In the laboratory, specimens were counted
and the organisms required for each trial were
acclimated for three days in the laboratory prior to test-
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ing in a commercial water: (pH: 7.4, electrical conductiv-
ity: 415 pS cm™!, DOC: not detected; HCO;3: 301, Ca**:
48.6, Mg>*: 28.2, SiOy: 15.2, NO5 : 8.5, Na*: 5.8, SO} : 4.1,
K*: 1, F~ <0.15, all expressed in mg LY, that was
slightly different in chemical composition from ground
water collected from the two wells (W1: pH: 7.6; electri-
cal conductivity: 524 pS cm ™Y, DOC: 1.1; HCO;: 437;
Ca*": 85.6, Mg*": 17.0, NO; : 11.4, Na*: 6.8, SO; : 7.4, K*:
3.0, all expressed in mg L, w2 pH: 7.6; electrical con-
ductivity: 512 pS cm™ L DOC: 1.6; HCO;: 445; Ca’*: 83.8,
Mg®*: 19.0, NO;: 114, Na*: 6.9, SO; : 7.9, K*: 3.2, all
expressed in mg L™"). However, copepods seemed not
to be stressed by the water change (no evident variations
in movement and behaviour). The use of commercial
water was necessary to ensure the same experimental
conditions for both species and for further comparative
studies with other species. The specimens not used in
the trials were returned alive to the wells within 2 h of
collection. During acclimation, copepods were deprived
of food to allow for complete gut clearance. The diges-
tive system [oesophagus (foregut), midgut, hindgut] was
clearly visible under a stereomicroscope at 80x magnifi-
cation. An empty gut was required to prevent the over-
shoot in oxygen consumption due the release of faecal
pellets (Kreibich et al., 2008; Koster & Paffenhofer, 2013)
during the trials. Only actively swimming individuals
were selected. Trials were carried out with juveniles (co-
pepodids C1-C4) and non-egg-carrying (non-ovigerous)
adult females of both species. Due to the low abun-
dances of the two species in each well, we were unable
to collect a sufficient number of males of both species
and ovigerous females of D. belgicus, thus the effect of
sex and fecundity were not analysed.

Measurements of respiration rate

As a proxy of metabolic activity, routine metabolism
according to Ikeda (1985) and Ikeda ef al. (2001) (mea-
sured as standard respiratory rates with uncontrolled
but minimum motor activity) of juveniles and
non-ovigerous individuals of D. belgicus and E. serrulatus
was measured in four separate trials with four replicates
each. Respiration measurements carried out
between January 2013 and March 2013 and maximum of
one trial per week was performed. In each trial,
standard respiratory rate of copepods was measured
simultaneously in five sealed glass respirometers (four
replicates plus one control) each containing 2 mL of oxy-
gen-saturated standard water. The respirometers were
placed in a 15°C water bath and kept dark. Oxygen in

each respirometer was measured with a PSt3 (PreSens,

were

Regensburg, Germany) optical oxygen sensor glued to
the inside wall of the respirometer and connected to a
single-channel oxygen transmitter Fibox 3 (PreSens) via
an optical fibre. Data were recorded using the FibSoft
v.1.0 software (Loligo Systems ApS, Tjele, Denmark).
Prior to measurements, sensors were calibrated in air-
equilibrated water (100% saturation) and in a sodium
thiocyanate saturated solution in water (0%). Pilot exper-
iments were run to determine the number of individu-
als, of each ontogenetic stage of both species, that would
give a measurable decrease in oxygen in the respirome-
ters but not cause saturation to fall below 70% over 3-h
incubation (Schurmann & Steffensen, 1992). Based on
the pilot trials, we determined that, for respiration
experiments, the chambers should contain 25-30 juve-
niles and 20-25 non-ovigerous females of E. serrulatus,
and 30-35 juveniles and 25-30 non-ovigerous females of
D. belgicus. An empty chamber was run within each trial
as a control, to account for background oxygen deple-
tion. For each replicate in a trial, the oxygen consumed
in each chamber was corrected by the oxygen depletion
in the control to account for chamber losses. Measure-
ments were taken every 30 min during 3-h incubation.
At the end of each trial, the respirometers were opened
and copepods were counted under a stereomicroscope
at 12x magnification and checked for mortality (no
movement after gentle stimulation by means of a sorting
needle). No deaths were observed. To obtain standard
respiratory rate in ug O, ind ' h™', the loss of oxygen in
each respirometer was divided by the number of indi-
viduals in the chamber during the experiment.

Measurements of size and mass

At the end of each incubation, prosome length (Li,g,
mm) and width (W;,q, mm) of each individual, for a
total of 455 specimens, were measured dorsally under a
stereomicroscope fitted with an eyepiece micrometer at
50x magnification. L;,q was measured from the anterior
tip of the cephalic shield to the end of the major body
articulation (leg-4-bearing somite), while Wj,q was mea-
sured at the leg-4-bearing somite. The cumulative dry
mass (DM) of the pool of individuals for each replicate
in a trial was measured in pre-massed aluminium foil
baskets (5 mm in diameter), using an analytical balance
at 1 ug of precision. They were then dried at 60°C for
24 h, cooled for 30 min in a desiccator at room
temperature and placed on the balance three times con-
secutively to obtain a mean dry mass. We calculated the
dry mass of each individual (DM;,g) in the pool accord-
ing to Svetlichny (2012)

et al. measured  as:
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DMina = CF Lina * Wiy,
species-specific  condition
CF = DM, /Ly, * W2, where DM, is the dry mass of a

pool, and L, and W,, are the mean values of pool-
specific size metrics.

where CF is stage- and

factor calculated as

Statistical analyses

To test for differences in standard respiratory rate
between species and between developmental stages, we
used a permutational analysis of covariance (permuta-
tional ANCOVA; Anderson, 2001), with individual dry
mass as the covariate and ‘species’ (fixed and orthogo-
nal) and ‘developmental stage’ (fixed and nested within
‘species’) as grouping factors. The permutational analy-
sis was performed on the basis of a Euclidean distance
similarity matrix and using square-root-transformed
data, applied after performing a Levene test on the origi-
nal data set. Post hoc t-tests were applied when appro-
priate to test for differences between levels within
factors. These tests were performed using PRIMER v.6
and PERMANOVA + routines for PRIMER (Anderson,
Gorley & Clarke, 2008).

To provide generalised relationships between the meta-
bolic rate (standard respiratory rate) and the body dry
mass at 15°C of the two species, data from metabolic
experiments were fitted according to the Power law after
Ikeda (1985). Standard respiratory rate (Y) was given as a
function of dry body mass (X1 = mg), which was taken as
an independent variable. The relationship between Y and
X1 is known empirically as Y = aX1? (where o and B are
constants). According to Ikeda (1985), we assumed that 8
is independent from ambient temperature. A nonlinear
regression analysis was performed to obtain o and B
parameters, using the loss function (observed data - pre-
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dicted data)?, and the quasi-Newton estimation method.
The leave-one-out cross-validation technique was used to
estimate the model prediction capability. The model pre-
diction capability is something different from the model
fitness capability, that is the ability of the model to esti-
mate the response for objects that do not participate in the
calculated model. Predictive residual sums of squares
(PRESS), sums of squares (SS) and squared cross-vali-
dated correlation coefficient parameters (Q2) were calcu-
lated. Q2 is the coefficient of determination for the
adjusted model in prediction. Prediction intervals were
computed. All analysis were carried out using Statistica
V8 (StatSoft) and specially designed SOLVER spread-
sheets using Microsoft Excel (Sparks, 2000; Di Marzio
et al., 2001; Kito et al., 2004; WHO, 2007, Pratim et al.,
2009; Zar, 2010).

Two-way analyses of variance were used to test for
differences in Ling, Wina and DWi,q among juveniles
and non-ovigerous females and between the two species,
with factor ‘stage’ nested in factor ‘species’. The assump-
tions of normal distributions and equal variances were
verified using Shapiro’s and Bartlett’s tests, respectively.
Biological data were square-root-transformed if neces-
sary. Post hoc Tukey tests were performed when appro-
priate. Bonferroni corrections were applied to all tests
(whose original significance threshold was set at
P < 0.05), leading to a threshold of P < 0.008. All analy-
ses were performed by R software, version 3.01 (http://
www.R_project.org).

Results

Total oxygen consumed during incubations was never
more than 20% of the initial values. Respiration rate
increased with body dry mass in E. serrulatus, but not in
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D. belgicus (pseudo F;g=1191; P <0.01 and pseudo
Fi5=3.02; P = 0.13, respectively, permutational ANCO-
VA; Fig. 1), and no differences were recorded between
stages in the two species (pseudo F, 1 = 2.63; P = 0.11).
The standard respiratory rate of the stygobiotic species
D. belgicus was significantly lower than that of the epi-
gean E. serrulatus at all the ontogenetic stages (pseudo
Fi11="79.97; P <0.001; Fig. 1).

Standard (SRR) of E. serrulatus
(cumulative data for juveniles and females) followed
the power law SRR = aDM’, where DM is dry mass
(in mg), a is a constant, and b is the scaling constant

respiration rate

or the slope in this allometric relationship (Lucas,
1996; Brey, 2010). For E. serrulatus, the allometric curve
is showed in Fig. 2(a); the b value of 0.6011 was sig-
(P <0.01). For the stygobiotic D. belgicus
(cumulative data for juveniles and females), the slope
did not differ from zero at P = 0.12 (Fig. 2b), indicat-
ing that the respiration rates did not vary with dry

nificant

mass. However, by analysing the standard respiratory
rate of D. belgicus for adults and juveniles separately,
the slope for copepodids was significant for juveniles,
yielding an isometric relationship with a b value of
1.012 (P < 0.005).
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Ling, Wing and DM;,q (Table 1) were significantly dif-
ferent between juveniles and non-ovigerous females
within each species (Table 2; Fig. 3). Juveniles of D. bel-
gicus were significantly different in Linq, Wing and DMjnq
from those of E. serrulatus (Table 1; Fig. 3). Non-oviger-
ous females of D. belgicus were different in L;,q and
Wina from those of E. serrulatus (Table 1; Fig. 3).
However, there were no significant differences in DMjnq
of non-ovigerous females between the two species
(P = 0.56, post hoc Tukey test).

Discussion

Overall, the standard respiration rate of E. serrulatus was
higher than that of D. belgicus, which is consistent with
the view that groundwater species generally have a
lower metabolic rate to cope with low and discontinuous
food supply and with unpredictable shifts between hyp-
oxic and normoxic conditions in ground water (Culver
& Poulson, 1971; Sket, 1996; Poulson, 2001; Bishop,
Kakuk & Torres, 2004; Mathieu & Hervant, 2004; Simcic,
Lukanci¢ & Brancelj, 2005). Recently, Bishop & Illiffe
(2012) have measured the respiration rate of the shrimp
Barbouria cubensis, a recent cave coloniser found in both
surface anchialine pools and deeper ground waters. The
respiration rate of B. cubenis was lower than that
reported for other epigean crustaceans. Similarly, Wil-
helm et al. (2006) observed that the rate of oxygen con-
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sumption by the stygobiotic amphipod Gammarus
acherondytes was 4.5 times lower than that of the epigean
Gammarus troglophilus. Finally, oxygen consumption by
the hypogean amphipod Niphargus stygius is lower than
in the epigean Gammarus fossarum (Simcic & Brancelj,
2007). Evidence for a generally lower metabolic rate in
groundwater species is thus accumulating, but a formal
meta-analysis of such species comparisons has not yet
been carried out.

A low metabolic rate may be advantageous for species
living in oligotrophic habitats, such as deep alluvial
aquifers (Henry & Danielopol, 1999; Malard & Hervant,
1999). However, this physiological adaptation puts sty-
gobionts at risk of replacement by more metabolically
active epigean taxa, whenever the amount and the fre-
quency of organic matter increase, as happens in the
event of organic pollution. Such pollution may pro-
foundly alter the aquifer community and lead to the dis-
appearance of native, and often strictly endemic, taxa
(Sket, 1973; Malard et al., 1994; Simon & Buikema, 1997;
Wilhelm et al., 2006). Moreover, the low metabolic rate
of hypogean species may entail an inability to cope with
toxicants, as suggested by Avramov, Schmidt & Griebler
(2013), rendering them more sensitive to pollutants, as
observed by Di Marzio et al. (2009), Reboleira et al.
(2013) and Di Lorenzo et al. (2014a,b).

Eucyclops serrulatus showed an allometric increase in
metabolic rate with body mass. In agreement with our

Table 1 Standard respiration rate (SRR) and morphological characteristics of Diacyclops belgicus and Eucyclops serrulatus at 15°C

Diacyclops belgicus

Eucyclops serrulatus

I

NOF

]

NOF

SRR (ug O, ind™! h™1)
L, (mm)

Wi, (mm)

DMjng (mg)

0.0034 + 0.0013
0.2122 + 0.1361
0.1219 £ 0.0220
0.0010 £ 0.0010

0.0067 £ 0.0027
0.4159 + 0.0196
0.1641 £ 0.0309
0.0039 £ 0.0007

0.0260 + 0.0069
0.3570 £+ 0.1143
0.1894 + 0.0417
0.0021 £ 0.0007

0.0384 £ 0.0095
0.6637 + 0.1333

0.333 £ 0.0679
0.0041 £ 0.0005

Values are represented as mean + SD. ], C1 — C4 copepodids; NOF, non-ovigerous females and C5 copepodids; L,,, prosome length; W,

prosome width; and DM, dry mass.

Table 2 Results of ANOVA test for differences in prosome length (L), prosome width (W) and dry mass (DM) across species and life stage.

All factor species were fixed; factor life stage was nested in factor species

L W DM
Source df MS F P df MS F P df MS F P
Species — Sp 1 0.1541 258.1 <0.0001 1 1.3444 783.2 <0.0001 1 2.011*%10°° 6.066 0.0299
Stage (Sp) 2 0.1356 227.2 <0.0001 2 1.0536 306.9 <0.0001 1.246%10° 37.600 0.0001
Res 12 0.0006 12 0.7399 12 3.310%10~7
Total 15 15 15

df, Degrees of freedom; MS, mean square values; F values; and probability levels are shown.
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mass of non-ovigerous females (?) and juveniles (juv) of the hypo-
gean Diacyclops belgicus (white bars) and the epigean Eucyclops
serrulatus (grey bars).

results, Wilhelm et al. (2006) found that oxygen con-
sumption increased allometrically with the dry mass of
the epigean crustacean amphipod G. troglophilus, where
the slope was 0.682 for individuals collected during Feb-
ruary and May (winter-spring seasons).

Lack of a significant positive slope in the regression of
oxygen consumption rate on body dry mass precluded
us from providing a generalised metabolic model for
adults of D. belgicus. Similarly, Wilhelm et al. (2006)
found that standard respiratory rate of the stygobiotic
Gammarus acherondytes did not increase with body mass.
They pointed out that the lack of a significant positive
slope in the regression between the oxygen consumption
rates on body mass might be a novel result for cave am-
phipods (Wilhelm et al., 2006). A constant low metabo-
lism, which we might call a potentially ‘oximetric’
relationship [using as prefix the word oyt (oxi) from the
Greek that means ‘not’, or simply ‘ametric’], could be a
physiological adaptation in such a food-limited environ-
ment. The hypothesis that a similar pattern might apply
to stygobiotic taxa, at least to hypogean crustaceans,
should be considered and further data are needed to test
this possibility fully.

The standard respiratory rate of juvenile D. belgicus
increased isometrically (the rate increases proportion-
ately with body mass during growth). Peters (1983)
found that routine metabolic rate also scales isometri-
cally in larval fish (DM'%), whereas in juvenile and
adult fish, it scales allometrically with mass (DM®®).
This suggests that, as organisms pass from one life stage
to the next, the metabolic exponent decreases as the
overall body size of the organism increases (Giguere,
Cote & St-Pierre, 1988). Such a relationship has been
observed both inter- and intraspecifically (Zeuthen, 1953;
Johansen, Brix & Lykkeboe, 1982). With isometric metab-
olism, stygobiotic copepod larvae (e.g. copepodids)
could maximise the exploitation of transient food
patches, which can occur in alluvial aquifers. Although
temperature and other physicochemical variables show
less pronounced changes in deep and isolated alluvial
aquifers, food availability may be very restricted in
terms of quantity and timing (Brunke & Gonser, 1997;
Foulquier et al., 2010, 2011). Under this scenario,
juveniles of stygobiotic taxa can develop faster when
food is available, thus quickly reaching sexual maturity.

The dry mass of non-ovigerous females of E. serrulatus
was not significantly different from that of D. belgicus,
although on average non-ovigerous females of E. serrula-
tus were 1.6 times longer and 2.02 times wider than
those of D. belgicus. However, hypogean species are
known to have larger body stores than their epigean rel-
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atives (Hervant & Renault, 2002). Groundwater species
display a remarkable resistance to long-term starvation
(Poulson, 2001; Hervant & Renault, 2002), by means of
fat reserves, which is adaptive in environments where
fasting periods are frequent (Hervant & Renault, 2002).
However, food quality may also be low in ground
water. Food quantity and quality are known to affect
survival, development and reproductive rates of E. ser-
rulatus, which enhances its reproductive rates on a rich
and diversified diet (McLaren, 1963; Hopp & Maier,
2005; Nandini & Sarma, 2007). In the ground water,
microbial biofilm production, which is the main source
of food, is fuelled by dissolved organic matter (DOC)
carried by infiltrating surface water. However, in allu-
vial aquifers, DOC is often scarce, amounting to about
1 mg L' or less (Brunke & Gonser, 1997; Foulquier
et al., 2011). The low food availability (DOC: 1.1 mg L")
and the permanent darkness of the well where we found
E. serrulatus might play a role in affecting the biomass of
this species.

Beginning with these data, further studies should
address the variation in metabolic rate of both E. serrula-
tus and D. belgicus under stress (e.g. temperature
increase, groundwater pollution) to assess whether
defence and repair may increase metabolic costs. The
relevance of assessing the physiological response to toxi-
cants of stygobionts may serve to gauge their potential
as early warning systems in routine groundwater moni-
toring and to demonstrate their role as indicators of
groundwater quality.
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