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The variation of stygofauna along a gradient of
salinization in a coastal aquifer
M. Shapouri, L. Cancela da Fonseca, S. Iepure, T. Stigter, L. Ribeiro
and A. Silva

ABSTRACT
We examined the variation of stygofauna composition collected in wells, along a gradient in
groundwater salinity/conductivity in a coastal aquifer from southern Portugal. The studied coastal
aquifer is considered vulnerable to salinization due to seawater intrusion, caused by overexploitation
of the aquifer. Knowing the response of the stygofauna species to present levels of groundwater
salinity makes it possible to understand and measure the effects of saltwater intrusion on
stygofauna, rendering them potential bioindicators of this environmental pressure. Biotic and abiotic
sampling was conducted in six shallow wells located in the fresh–saltwater interface of the Arade
estuary along the salinity gradient established in the groundwater from the estuary to inland
locations (microSiemens/cm). Groundwater salinity was highly correlated with taxa distribution.
The stygobites Eucyclops hadjebensis and Acanthocyclops sensitivus, the cosmopolitan
Megacyclops viridis and Cypria ophtalmica were particularly associated with low-salinity conditions,
whereas Eucyclops graeteri, Megacyclops brachypus and Daphnia pulicaria were related to highsalinity waters. Multivariate analyses indicated that stygofauna assemblages varied signiﬁcantly with
location. We suggest that stygofauna composition and structure can be a useful complementing tool
for monitoring seawater intrusion into coastal aquifers, where reduction or deterioration in
groundwater resources is predicted.
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INTRODUCTION
The change in precipitation and temperature regimes

activities also induce alterations on groundwater (GW)

induced by climate change is predicted to be especially

resources in coastal aquifers through prolonged withdra-

relevant in Mediterranean countries, translated into signiﬁ-

wals, leading to alteration of aquifer habitats and the

cantly decreased surface ﬂows and aquifer recharge and

associated groundwater dependent ecosystems (GDEs)

discharge (Santos et al. ).

(Silva et al. ). In fact, the combined effect of prolonged

Coastal aquifers are more sensitive to disturbance com-

and large extractions from the aquifer and reduced recharge

pared to other aquifer types (Bear et al. ). Human

in coastal areas can intensify seawater intrusion, which is
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one of the most widespread phenomena of GW contami-

), organic matter pollution (Notenboom et al. ;

nation in these areas (Kim et al. ; Somay & Gemici

Scarsbrook & Fenwick ) and oxygen and redox con-

; Wang & Jiao ). GW habitats display a high biodi-

ditions (Mösslacher , ). The present study aims to

versity, especially crustaceans (Gibert & Culver ;

be one of the ﬁrst examining the response of stygofauna to

Deharveng et al. ). Hypogean faunal studies in Portugal

salinity shifts in coastal aquifers related to saline intrusion.

have an old and rich history compiling more than 130 pub-

Stygofauna communities in coastal aquifers are highly

lications related to subterranean invertebrates (Reboleira

vulnerable to abrupt changes in their environment due to

et al. ). Based on the bibliographic analysis and litera-

their special nature: narrow distribution, high endemism,

ture survey by Reboleira et al. (), 67 stygobiont species

resource speciﬁc (e.g. food and O2 levels), poor dispersal

and subspecies from 12 orders were introduced for this

capacities and less competitive than more tolerant epigean

area. However, pioneer stygofauna data on composition

species (‘surface waterspecies’) (Stock ; Culver & Sket

and distribution have been collected mainly in caves (Rebo-

). The variation of stygofauna groups, mainly abun-

leira et al. , ) and very little information exists on

dance, has been shown to respond to environmental

aquifer stygofauna. The study of GW amphipods by Noten-

changes such as excessive pumping and habitat modiﬁcation

boom also reviewed a previous publication that pointed

(Rouch ; Longley ). In the Kolbental Valley,

out the occurrence of GW amphipods in the Iberian area

Germany, stygofauna on a surface GDE revealed to be

including the Portuguese ecosystem (Notenboom ).

much more sensitive indicators to the effects of GW pump-

The qualitative status of GW is generally based on its

ing than hydrochemistry parameters (Hahn ).

physical–chemical monitoring, which covers most of the

The Querença-Silves aquifer is located in south-west

contaminants relevant for human health (WFD ). How-

Portugal (Figure 1). This aquifer is the most productive

ever, to identify environmental impacts, it is required to

and important GW reservoir in South Portugal due to its

broaden the monitoring to stygofauna and its associated eco-

large area and signiﬁcant recharge. Previous studies ruled

systems conditions. The use of stygofauna as biological and

with different climate scenarios were used to predict the

ecological indicators has been emphasized by many authors

future climate change impact on this aquifer net recharge

(Danielopol et al. , , ; Boulton et al. ;

and, consequently, the output to GDEs and water quality

Thulin et al. ; Griebler et al. ; Stein et al. ;

conditions in different wells (Stigter et al. ). The used

Steube et al. ; Korbel & Hose ) and environmental

models predicted a signiﬁcant increase in the mean tempera-

agencies to estimate GW ecosystem disturbance (Marmo-

ture for future years and, consequently, an expected increase

nier et al. ). Stygofauna integrates impacts over space

in GW demand for crops. At the same time, and despite the

and time, and hence add more information than single use

inherent uncertainty, an overall decreasing trend in aquifer

of abiotic criteria (Stein et al. ). Stygofauna are known

recharge towards the end of the century is predicted by

to be sensitive to environmental changes in water con-

the models. The combined effect of decreasing recharge

ditions, particularly due to the enclosed nature of GW

and increasing extraction is foreseen to lead to an overall

habitats (Notenboom et al. ). A precondition toward

decreasing trend in GW levels, which is likely to cause

an integrative ecosystem assessment is to use a joint set of

recurrent saline intrusion into the aquifer, threatening its

abiotic and biotic criteria enabling the detection of all phys-

ecosystem stability (Stigter et al. ).

ical, chemical and biological stressors and distinguish the

The aims of the present study were two-fold: (i) to examine the variation in stygofauna composition with differing

cause of impact.
macro-

levels in water salinity/conductivity; and (ii) to evaluate

organisms, have broadly been used as bioindicators to

their potential use as salinity biomonitoring tools in coastal

explore different types of environmental disturbance such

aquifers. Speciﬁcally, reliable assessments of GW biodiver-

as heavy metal contamination (Canivet et al. ), surface

sity response to stressors are considerably useful to help

water inﬁltration into aquifers (Malard et al. ; Dumas

resolve current and future issues relating to coastal aquifer

et al. ; Hahn ; Schmidt et al. ; Bork et al.

sustainable management. The present study also adds

GW

invertebrates,

including

micro-

and
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Location of the inventoried wells. Six wells were selected for sampling; wells Q1–6.

novel data on Portuguese stygofauna which remains largely

sedimentary rock, has a total extent of 324 km2 and a

unknown.

mean annual recharge of 100 × 106 m3 (Monteiro et al.
; Stigter et al. ).
Surface stream ﬂow in this region is restricted to a

STUDY AREA

small number of temporary rivers except over the large karstiﬁed carbonate rock aquifer known as Querença-Silves,

The study area is located in the discharge zone of the Quer-

where it is signiﬁcantly dependent on base ﬂow in efﬂuent

ença-Silves aquifer on the costal fringe of the central

reaches (Stigter et al. ). Estômbar springs are among the

Algarve, in southern Portugal (Figure 1). It covers an irregu-

most important GW discharge from the aquifer into the

2

larly E-W elongated area of 324 km . The aquifer is mainly

Arade estuary, with approximately 25% of total outﬂow,

used for irrigation, particularly of citrus orchards (31 × 106

though this percentage varies between seasons and years.

3

6

3

m /year) and for public water supply (around 10 × 10 m /

This surface/GW interface zone is ecologically important

year). In extremely dry years as in 2005, the total abstrac-

and some ecotones are classiﬁed as protected area. The

6

3

tions of the aquifer reached 60 × 10 m /year, representing

results of future climate modeling scenarios for rainfall

more than half of the annual aquifer recharge rate (Stigter

(P) and temperature (T ) suggest a signiﬁcant increase for

et al. ). This region is characterized by a warm Mediter-

T and strong decrease for P in the studied zone. These

ranean climate with dry and warm summers and cool and

changes in climate will likely have an inﬂuence on total

wet winters. The mean annual temperature and precipi-

and net recharge, both by the higher potential evapotran-

W

tation for the 1980–2010 period were 17.5 C and 739 mm,

spiration due to higher T (which also leads to higher

respectively (Stigter et al. ).

irrigation needs) and by lower precipitation (Stigter et al.
).

Hydrogeology, land use and future climate scenarios

Land use at the study zone is mainly deﬁned by irrigated
citrus culture in the western sector overlying the aquifer, and

The Querença-Silves aquifer was studied and it is the largest

in the eastern sector, it is dominated by extensive dry farm-

in the Algarve region. The aquifer is built up of carbonate

ing (olive, carob, almond and ﬁg trees) (Stigter et al. ).
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GW is the main water source for the required large amounts

gap limited the number of potential well replicates for

of irrigation. The crucial role of this aquifer system for the

each category.

support of Algarve’s water supply in urban areas was clearly

Wells Q1 (3 m depth) and Q2 (4 m depth) are located in

revealed during the severe drought that affected Portugal in

the Parque Municipal das Fontes de Estômbar (the Munici-

2004 and 2005, causing the depletion of the surface water

pal Park of the Springs of Estômbar, important discharge

reservoirs and making the aquifer the only available water

points of the Querença-Silves aquifer). Well Q3 (4 m

source. Currently, 30% of the mean annual recharge of aqui-

depth) is a private well for domestic use located a few

fer is exploited for irrigation needs (Stigter et al. ). The

meters away from the park. It is a shallow well with

combined effect of the decrease in recharge and increase in

around 4 m depth. Well Q4 is a large diameter well with

irrigation demand will stimulate GW exploitation and

more than 10 m depth. Wells Q5 and Q6 are also aban-

pumping rates, leading to likely declines in GW levels and

doned wells with 2 m and more than 30 m depth,

consequently increased impact of saline intrusion also

respectively.

related to sea level rise.

From the total of six wells, at least two wells per salinity
category were sampled once, stygofauna and water. Three
replicates per well were considered for fauna assessment.

METHODS

No temporal patterns were examined.

Study design

Water and faunal sampling

The stygofauna survey was made through sampling in shal-

Well-dissolved oxygen (DO) (mg L–1 O2), pH and depth (m)

low (water depth) and wide wells in December 2010. An

were measured directly in the ﬁeld with portable meters at

a priori inventory of the shallow wells was made in order to

each sampling occasion. Temperature ( C), hydraulic head

W

select wells with distinct degrees of water salinity to obtain

(m) and EC (μS/cm) were measured with ﬁxed data loggers

a gradient. The presented study considered the well salinity

in a long-term (2009–2010) survey for wells Q1, Q2, Q4 and

and location as factors, with location nested within salinity.

Q5. The probes recorded the EC values every 6 minutes.

Wells with higher salinities were located near the estuary

The average value of the entire measurement was con-

and wells with lower salinities were located inland (Figure 1).

sidered for mentioned wells. Wells Q3 and Q6 did not

In total, six shallow wells were sampled for water

have probe surveys, but the average value of ﬁve in situ

physico-chemical parameters and stygofauna community

temperature and EC measurements were calculated. All

composition, categorized as follows:

the measured parameters are key in GW characterization

(i) Wells with high salinity corresponding to electrical conductivity (EC) >6,000 μS/cm. These included wells
number Q1, Q2 and Q3 located very near the Estômbar
channel of the Arade estuary, as well as number Q5
located next to the Arade river where it still receives
saline water due to the tidal inﬂuence (Figure 1).
(ii) Wells of low salinity with EC <1400 μS/cm, including
well numbers Q4 and Q6 (Figure 1), several hundred
meters further away from the Arade estuary/river.

and therefore, were deemed relevant to relate to stygofauna
distribution.
A phreatobiological net of 40 μm was used to sample the
stygofauna associated with the well sediment and water
column. This net is a standard stygofauna sampling
method with semi-quantitative data (Cvetkov ; Gibert
; Malard et al. ). The net consists of a mesh cone
mounted on a metallic circular frame of 40 cm diameter
and length of 75 cm with a valve at the base, which allows
the fauna to be captured when moving the net successively

We considered our salinity categorization suitable as it

upward/downward and creating an ascending current in

incorporates the amplitude of the 31 inventoried wells,

the well. The lower end of the net encompasses weights

also giving a wide value gap between the categories, maxi-

that disturb the sediment and shift this representative of

mizing the potential to identify community responses. This

adjacent aquifer (Hahn & Matzke ).

Downloaded from https://iwaponline.com/hr/article-pdf/47/1/89/368694/nh0470089.pdf
by guest
on 14 August 2018

93

M. Shapouri et al.

|

The variation of stygofauna along a gradient of salinization in a coastal aquifer

Hydrology Research

|

47.1

|

2016

All six wells (Q1–Q6) were sampled with a phreatobio-

the abundance of rare species with the dominant ones. A

logical net and three repetitions of sampling experiments

set of physical variables including salinity measurement

were taken per well to estimate the variation of stygofauna

was analyzed in comparison to the abundance and diversity

conditions in each well. After each replicate collection, the

of fauna to explain the signiﬁcant abiotic variable for faunal

net collecting glass was washed into a 50 μm mesh sieve.

spatial similarities and differences. The BEST tool was used

The sampled material was stored into sealed containers,

to calculate the most parsimonious model explaining the

ﬁxed in 97% ethanol and stained with rose Bengal to sim-

species distribution, in relation to the measured abiotic vari-

plify the sorting of colored organisms at a later stage.

ables. The model with the highest Spearman correlation

There are several ecological classiﬁcations to categorize
the stygofauna based on their morpho-physiological adap-

coefﬁcient corresponds to the environmental variable set
that better explained the variation of the biotic data.

tation (Sket ). In the present work, stygofauna were
classiﬁed as: (i) stygoxenes – surface water dwelling organisms that occurred in GW systems accidentally and have

RESULTS

no afﬁnities with GW; (ii) stygophiles – contain a number
of species that live in the GW environment for part of

Abiotic characteristics and faunal general

their life cycle; and (iii) stygobites – exclusively subterranean

characterization

dwelling organisms that are specialized subterranean forms
that complete their whole life cycle exclusively in subsurface

Water physical characteristics are provided in Table 1.

water (Gibert ). Most of the crustaceans collected in this

Although well Q6 was considerably deeper than the

survey were identiﬁed to the species or genus level where

others, the water parameters were very similar between all,

Cyclopoids, Ostracods, Branchiopoda and Amphipods

with the exception of EC, which reﬂected the salinity gradient

were identiﬁed to species and genus level; while Isopods

aimed in our study.

and Tanaidacea were only identiﬁed to the family level; gas-

A total of 896 organisms belonging to 51 taxa were

tropods (Mollusca) were identiﬁed mostly to species level.

sampled. The faunal assemblages were dominated (73%) by

Other groups were identiﬁed to higher classiﬁcation levels

stygophiles/stygoxenes whereas the stygobites represented

such as family or order.

about 27% of the total number of the identiﬁed taxa. The
highest taxa diversity and density was recorded in Q4,

Data analysis

associated with low-salinity (freshwater) conditions, with
stygofauna formed by a mixture of dominating stygoxene

Multifactorial analyses were performed in the PRIMERþ

species and one stygobite (A. sensitivus). Conversely,

package (Clarke & Warwick ; Anderson et al. ).

the lowest diversity and density occurred in Q2 associated

The PERMANOVA test was used to evaluate whether
there were signiﬁcant differences in fauna assemblage

Table 1

sidered

for

this

study.

The

similarity

percentage

Abiotic characteristics (average values) and depths of wells of the QuerençaSilves aquifer (southern Portugal) (Q1–6 refer to wells illustrated in Figure 1)

between the examined factors. Two factors, location
(Q1–Q6) and salinity (high and low salinity) were con-

|

Well

Depth

EC

Dis. oxi.

Temp.

(m)

(μm/cm)

(mg/L)

( C)

head (m)

3

8,162

4.4

19.63

1.3

4

9,113

3.72

16.2

0.95

3.65

6,100

0.88

15.71

n.a.

1,390

3.61

17.6

5.6

12,987

1.5

15.3

1.7

848

6.15

15.43

n.a.

code

pH

breakdown procedure (SIMPER) was used to determine

Q1

7.44

the contribution of individual taxa to the dissimilarity

Q2

7.37

between and within the factors. Principal coordinates analy-

Q3

7.49

sis (PCO) was used to graphically examine the species

Q4

7.03

distribution and positioning speciﬁcally according to factor

Q5

7.75

2

salinity. For all tests including biotic data, the Bray–Curtis

Q6

7.58

>30

similarity measure and 9999 permutations were used. The
fourth-root transformation was applied a priori to balance
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with high-salinity GW, where only stygoxene taxa were

Amphipoda (3%), Harpacticoida (0.6%), Bathynellacea

present.

(0.2%) and Isopoda (0.1%). Four dominant crustacean

Crustaceans dominated the stygofauna, accounting for

species accounted for 69% of the total abundance, with

73% of the total of nine groups, followed in decreasing

higher abundance found for the cyclopoid Eucyclops grae-

order by Mollusca (19%), Arachnida (2%), Annelida (2%),

teri (25%) and the ostracod C. ophthalmica (22%). All

Insecta (1%), Platyhelminthes (1%), Hexapoda (1%),

identiﬁed taxa to species and genus level were assigned to
ﬁve ecological groups namely, brackish water (0.5–30‰),

Cnidaria (0.01%) and Nematoda (0.01%).
Crustaceans were taxonomically distributed across
seven orders, six families, nine genera and 13 species. The

freshwater (<0.5‰), stygobite, stygophile and stygoxene
(Table 2).

major represented families were Harpacticoida, Cyclopoida,
Podocopida, Bathynellacea, Cladocera, Amphipoda and

Pattern of species distribution

Isopoda.
Cyclopoida were the dominant crustacean taxa with

The species distribution was statistically explained by the

56%, followed by Ostracoda (36%), Cladocera (4%),

factor location reﬂecting the nested salinity gradient

Table 2

|

Identiﬁed taxa to species and genus level and their habitat type

Name

Ecology

Q1

Eucyclops graeteri (Chappuis 1927)

Hy

17

Eucyclops hadjebensis (Kiefer 1926)

Hy

Megacyclops brachypus (Kiefer 1955)

Hy

Q2

Q3

Q4

Hy

1

Epi (stx, stf)

2

Eucyclops speratus (Lilljeborg 1901)

Epi (stx, stf)

24

Megacyclops viridis (Jurine 1820)

Epi (stx, stf)

2

Epi (stx, stf)
Epi (stx, stf)

Cypria ophtalmica (Jurine 1820)

Epi (stx)

Cypridopsis vidua (Müller 1776)

Epi (stx)

Bradleycypris oblique (Brady 1868)

Epi (stx)

Myxas glutinosa (Müller 1774)

F

206

1

2

Eucyclops serrulatus serrulatus (Fischer 1858)

Acanthocyclops sp.

Q6

11

Acanthocyclops sensitivus (Graeter & Chappuis 1914)

Macrocyclops albidus (Jurine 1820)

Q5

10

2

8

53
1

2

30

171

1

1
6

1

1

Potamopyrgus antipodarum (Gray 1843)
F
Bithynia sp.

F

Ancylus ﬂuviatilis (Müller 1774)

F

Theodoxus ﬂuviatilis (Linnaeus 1758)

F

Valvata sp.

F

Physa acuta (Draparnaud 1805)

F

Daphnia pulicaria (Forbes 1893)

F

Gammarus lacustris cf. (Sars 1863)

F

Gammarus sp.

F

Chaetogammarus sp.

F

Halicyclops sp.

B

5
2

28
2
1
1
2
25

1
9
3
1

B ¼ brackish water; F ¼ surface freshwater; Hy ¼ hypogean (stygobite); Epi (stf) ¼ epigean stygophile; Epi (stx) ¼ epigean stygoxene.
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PERMANOVA analysis results of the wells fauna for factors salinity (high and low) and different well locations. The number of permutations used was 9999

Source

df

SS

MS

Pseudo-F

p (perm)

perms

p (MC)

Sa

1

5,180

5,180

0.78

0.67

15

0.63

Lo(Sa)

4

26,545

6,636.3

23.365

0.0001

9,882

0.002

Res

12

34,083

2,840.3

Total

17

65,808

Sa ¼ salinity; Lo ¼ location.

(Table 3). We did not include pairwise tests for factor

since the p-value for salinity is not zero. This means that

location in this study since location was designed as a

there are some common species/abundances between high

random factor nested within high and low levels, therefore

and low locations which justify the closeness of some

rendering it unimportant to prove differences between

points in the PCO.

wells (i.e. locations) that ‘belonged’ or that were considered

The majority of the taxa with the exception of Amphipods

equal within each level. The ‘location’ p-value (Table 3)

and Gammarids were associated with high-salinity con-

already proves that there are differences at the smallest

ditions. Three taxa clusters were identiﬁed accordingly to

sample scale – well within salinity level, but our level criteria

salinity conditions; high salinity (right bottom and right top

related to the hypothesis was salinity concentrations, a

sides of the plot) and low salinity (left side of the plot)

much more interesting question from our point of view.

(Figure 2). Cypria ophtalmica distribution did not reﬂect sal-

The PCO results displayed in Figure 2 were generated

inity associations. The most heterogeneous assemblage was

with all species and the taxonomic group of taxa which

found in Q1, where a mixture of brackish water (Halicyclops

were not identiﬁed to species level. The PCO plot was ordi-

sp.), obligate GW dwellers (E. graeteri) (Chappuis in 1927)

nated according to factor salinity and it shows the fauna

and cosmopolitan epigean species (Macrocyclops albidus

afﬁnity to high- and low-salinity locations. The PCO ordina-

(Jurine in 1820), C. ophtalmica (Jurine in 1820), Bithinia sp.,

tion explained 48% of the taxa distribution, however there is

Gammarus lacustris (Sars in 1863)) were present. Conversely,

no clear separation between high and low locations points

the most homogeneous assemblage was found in Q3, where
only the cosmopolitan stygoxene species occurred (Table 2).
SIMPER analysis I
The results of SIMPER analysis within location showed high
dissimilarity between all wells (dissimilarity >60%, Table 4).
The highest dissimilarity was observed between wells Q2
and Q5 with 100%, Q2 and Q3 with 96% and Q2 and Q4
with 96%.
Wells of low-salinity conditions (Q4 and Q6) presented a
mixture of epigean stygoxenes and three obligate GW dwellers (E. graeteri, Megacyclops brachypus and A. sensitivus).
The dissimilarity between these two wells was related to the
total number of amphipods and cyclopodia. Dissimilarity
between wells Q1–3 and Q5, which correspond to high-salinity waters, short distance to the sea and lower water

Figure 2

|

Principal coordinates analysis ordination for two groups of wells with high- and
low-salinity conditions.
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SIMPER analysis results identifying the stygofauna taxa most signiﬁcantly contributing to the differences between (I) six wells and (II) high- and low-salinity conditions

Taxon (I)

Av.Abund

Av.Abund

Q1

Q2

Av.Diss

Diss/SD

Contrib.%

Cum.%

Cyclopodia

3.21

0.00

32.75

2.75

35.11

35.11

Total Amphipode

0.33

1.89

18.25

1.39

19.56

54.68

Gammarus sp.

0.33

1.28

11.18

0.93

11.98

66.66

Macrocyclops albidus

1.05

0.00

9.61

0.65

10.30

76.96

Eucyclops graeteri

1.37

0.00

8.54

0.66

9.16

86.12

Harpacticoida

0.47

0.00

4.30

0.65

4.61

90.73

1.72

39.31

39.31

Q1

Q3

Cyclopodia

3.21

1.94

33.35

Cypria ophtalmica

0.47

2.31

16.93

1.06

19.96

59.27

Macrocyclops albidus

1.05

0.00

9.51

0.62

11.21

70.48

Eucyclops graeteri

1.37

0.00

8.33

0.64

9.82

80.29

Cypridopsis vidua

0.00

0.33

5.51

0.53

6.50

86.79

0.00

4.25

0.62

5.01

91.80

Harpacticoida

0.47
Q2

Q3

Total Amphipode

1.89

0.33

28.88

1.46

30.19

30.19

Cypria ophtalmica

0.00

2.31

23.76

1.20

24.84

55.03

Gammarus sp.

1.28

0.00

16.15

0.99

16.88

71.91

Cyclopodia

0.00

1.94

12.68

0.66

13.26

85.17

0.33

8.79

0.59

9.19

94.36

Cypridopsis vidua

0.00
Q1

Q4

Cypria ophtalmica

0.47

6.25

29.48

1.07

38.23

38.23

Cyclopodia

3.21

3.15

10.76

1.71

13.96

52.20

Eucyclops speratus

0.00

1.63

6.36

0.65

8.24

60.44

Eucyclops hadjebensis

0.00

1.11

6.11

0.64

7.93

68.36

Eucyclops graeteri

1.37

0.00

5.19

0.66

6.73

75.10

Macrocyclops albidus

1.05

0.00

4.94

0.66

6.40

81.50

Harpacticoida

0.47

0.00

2.21

0.66

2.86

84.36

Total Amphipode

0.33

0.33

2.19

0.78

2.84

87.20

0.33

1.84

0.64

2.39

89.59

Acanthocyclops sensitivus

0.00
Q2

Q4

Cypria ophtalmica

0.00

6.25

37.66

1.20

39.44

39.44

Cyclopodia

0.00

3.15

16.81

1.31

17.60

57.04

Total Amphipode

1.89

0.33

8.61

2.03

9.01

66.05

Eucyclops hadjebensis

0.00

1.11

7.47

0.66

7.82

73.87

Eucyclops speratus

0.00

1.63

7.36

0.66

7.71

81.58

Gammarus sp.

1.28

0.00

6.87

1.04

7.19

88.77

Acanthocyclops sensitivus

0.00

0.33

2.25

0.66

2.36

91.13
(continued)
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continued

Taxon (I)

Av.Abund

Av.Abund

Q3

Q4

Av.Diss

Diss/SD

Contrib.%

Cum.%

Cypria ophtalmica

2.31

6.25

29.55

0.91

40.00

40.00

Cyclopodia

1.94

3.15

16.47

1.21

22.30

62.31

Eucyclops hadjebensis

0.00

1.11

7.29

0.64

9.87

72.18

Eucyclops speratus

0.00

1.63

7.16

0.65

9.69

81.87

Total Amphipode

0.33

0.33

2.55

0.76

3.45

85.32

Cypridopsis vidua

0.33

0.00

2.31

0.65

3.13

88.45

0.33

2.20

0.64

2.98

91.43

Acanthocyclops sensitivus

0.00
Q1

Q5

Eucyclops graeteri

1.37

7.85

27.04

1.95

43.26

43.26

Cyclopodia

3.21

7.90

18.20

1.77

29.11

72.37

Macrocyclops albidus

1.05

0.00

4.58

0.62

7.32

79.69

Bradleycypris obliqua

0.00

0.82

2.65

0.66

4.24

83.93

Harpacticoida

0.47

0.00

2.05

0.62

3.27

87.21

Megacyclops brachypus

0.00

0.47

1.75

0.65

2.80

90.00

Contrib.%

Cum.%

Species

Q2

Q5

Av.Abund

Av.Abund

Av.Diss

Diss/SD

Cyclopodia

0.00

7.90

37.81

8.62

37.81

37.81

Eucyclops graeteri

0.00

7.85

37.60

8.74

37.60

75.42

Total Amphipode

1.89

0.00

10.12

2.01

10.12

85.54

Gammarus sp.

1.28

0.00

6.38

0.94

6.38

91.92

4.25

41.84

41.84

Q3

Q5

Eucyclops graeteri

0.00

7.85

36.75

Cyclopodia

1.94

7.90

31.80

1.98

36.21

78.05

Cypria ophtalmica

2.31

0.00

9.82

1.07

11.19

89.23

0.82

2.92

0.65

3.33

92.56

Bradleycypris obliqua

0.00
Q4

Q5

Eucyclops graeteri

0.00

7.85

24.41

4.96

29.94

29.94

Cypria ophtalmica

6.25

0.00

21.42

1.17

26.27

56.21

Cyclopodia

3.15

7.90

16.11

1.71

19.75

75.96

Eucyclops speratus

1.63

0.00

4.69

0.65

5.75

81.70

Eucyclops hadjebensis

1.11

0.00

4.08

0.63

5.00

86.70

Bradleycypris obliqua

0.00

0.82

2.17

0.66

2.66

89.37

0.47

1.39

0.66

1.71

91.07

Megacyclops brachypus

0.00
Q1

Q6

Cyclopodia

3.21

2.47

28.34

1.62

36.44

36.44

Eucyclops graeteri

1.37

0.33

11.07

0.94

14.23

50.67

Macrocyclops sp.

0.00

2.13

9.72

0.65

12.49

63.16

Macrocyclops albidus

1.05

0.00

9.16

0.61

11.77

74.94

Total Amphipode

0.33

0.80

7.21

0.73

9.26

84.20
(continued)
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continued

Taxon (I)

Harpacticoida
Cypria ophtalmica

Av.Abund

Av.Abund

Av.Diss

0.47

0.00

4.10

0.61

5.27

89.47

0.00

2.76

0.63

3.55

93.02

0.47
Q2

Diss/SD

Contrib.%

Cum.%

Q6

Total Amphipode

1.89

0.80

18.36

1.19

23.74

23.74

Cyclopodia

0.00

2.47

18.26

1.16

23.61

47.35

Gammarus sp.

1.28

0.00

15.50

0.96

20.04

67.39

Macrocyclops sp.

0.00

2.13

11.50

0.66

14.87

82.26

0.33

6.76

0.62

8.74

91.00

Eucyclops graeteri

0.00
Q3

Q6

Cyclopodia

1.94

2.47

24.30

1.32

27.07

27.07

Cypria ophtalmica

2.31

0.00

24.00

1.02

26.74

53.80

Total Amphipode

0.33

0.80

12.48

0.69

13.90

67.71

Macrocyclops sp.

0.00

2.13

11.19

0.65

12.47

80.18

0.33

10.32

0.56

11.50

91.68

Cypridopsis vidua

0.33
Q4

Q6

Cypria ophtalmica

6.25

0.00

35.57

1.11

40.47

40.47

Cyclopodia

3.15

2.47

15.91

1.39

18.10

58.57

Macrocyclops sp.

0.00

2.13

7.37

0.66

8.39

66.96

Eucyclops hadjebensis

1.11

0.00

7.05

0.63

8.02

74.98

Eucyclops speratus

1.63

0.00

6.96

0.64

7.92

82.90

total Amphipode

0.33

0.80

3.46

1.10

3.93

86.83

0.33

2.15

0.65

2.45

89.28

Eucyclops graeteri

0.00
Q5

Q6

Eucyclops graeteri

7.85

0.33

33.65

3.65

41.88

41.88

Cyclopodia

7.90

2.47

29.14

1.88

36.27

78.15

Macrocyclops sp.

0.00

2.13

6.87

0.64

8.55

86.70

Total Amphipode

0.00

0.80

3.69

1.05

4.60

91.30

Taxon (II)

High salinity

Low salinity

Av.Abund

Av.Abund

Contrib.%

Cum.%

Cyclopoida

3.26

3.25

Av.Diss
12.89

Diss/SD
1.13

14.81

14.81

Cypria ophthalmica

0.7

3.12

9.48

0.71

10.89

25.7

Macrocyclops albidus

0.26

2.12

8.76

0.76

10.07

35.77

Bythinella sp.

0.23

2.9

7.49

1.04

8.6

44.37

Eucyclops graeteri

2.31

0.17

7.08

0.71

8.13

52.5

Bithynia sp.

0.12

1.23

4.14

0.7

4.76

57.26

Oligochaeta

0.65

0.29

2.74

0.68

3.15

60.4

Melitidae sp.

0

0.24

2.48

0.37

2.85

63.25

Gammarus sp.

0.34

0

2.39

0.31

2.74

65.99
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Stygofauna relationship with abiotic variables

was represented only by brackishwater organisms, Harpacticoids sp. The low taxa number explained the low

The abiotic parameters EC, pH, depth, temperature, hydrau-

dissimilarity. Three true GW organisms, E. hadjebensis, M.

lic head and dissolved oxygen were sampled to assess their

brachypus and A. sensitivus, were absent in Q1 and

inﬂuence on the distributional pattern of the stygofauna

accounted for dissimilarities between well Q1 and all other

species from the Querença-Silves aquifer. The BEST analy-

wells. Well Q2 did not harbor any stygofauna while two fresh-

sis in Table 5 shows the correlation between the selected

water amphipods from Gammaridae family were recorded

environmental parameters and spatial distribution of

there, explaining part of dissimilarities between well Q2

species. The most parsimonious model with highest corre-

and all other locations. Well Q4 showed the highest fauna

lation (0.80) included the variables EC, pH and the water

density and diversity richness. The two stygobite species E.

depth. These three variables were thus considered the

hadjebensis and A. sensitivus were found at this location

most suitable subset of the measured variables pool to

(Q4) and were absent in all the wells with high-

explain the stygofauna distribution. The second best model

salinity conditions. Hence, the presence of stygobites in

differed only in replacing depth with well hydraulic head.

well Q4 accounted for the dissimilarity between this well

All other models had much lower correlations (<0.15) and

and other high-salinity conditions (Q1, Q2, Q3 and Q5).

were thus not considered for interpretation. The relative

However, the obligate GW species E. graeteri had the highest

high contribution of EC to the models shows the importance

abundance at Q5 corresponding to the furthest location from

of this variable for explaining the pattern of stygobite distri-

the sea but still with high salinity. The time series of EC

bution. Other variables, such as temperature and dissolved

measurements for this well indicated a high amplitude of sal-

oxygen, did not show signiﬁcant contributions, which can

inity variations, from 40,000 μs/cm from August to mid-

be partly explained by their small amplitudes of variation.

September and <2,000 μs/cm in May. This wide range of salinity variation is linked to the movement of the fresh/
saltwater interface, moving inwards in the dry season and

DISCUSSION

pushed back by higher aquifer discharge during winter and
spring. Well Q6 contained two individuals from the Melitidae

Stygofauna occurrence and distribution according to

family that contributed to dissimilarity between well Q6 and

the salinity gradient

other wells. Generally, our results suggest that the samples
dominated by non-stygobites are affected by a surface water.

The distribution of stygofauna is signiﬁcantly inﬂuenced by
hydrological interactions and anthropogenic impacts at a
regional scale (Humphreys ). The current study exam-

SIMPER analysis II

ined the potential use of GW associated organisms to
detect anthropogenic impacts such as saline intrusion.

The SIMPER analysis was also performed to measure dis-

Here, the regional survey within the shallow layers of the

similarity for factor salinity. The results showed a high
average dissimilarity (86.36%) between high- and low-salinity wells. The taxa that contributed the most to
differentiating between the two groups of wells are presented in Table 4. Results of the Simper analysis in this
study indicated that the taxa which contributed the most
to dissimilarities between well groups were the total
number of Cyclopoida (15% weight) which, together with
the species C. ophtalmica (Ostracod) and M. albidus (Copepod), represented 35% of the dissimilarities.
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Biota and environmental matching results according to the BEST modeling

Best results
Number of variables

Correlation

Selection

1

0.14

Hydraulic head

2

0.11

Depth; hydraulic head

2

0.11

pH; hydraulic head

3

0.80

pH; depth; EC

3

0.70

EC; hydraulic head; pH
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Querença-Silves aquifer bordering the Arade estuary

show any particular spatial distribution and density patterns,

recorded stygofauna in all wells, with the dominance of

as they were present in almost similar abundances through-

crustaceans (73%), followed by gastropods (20%) and

out the whole aquifer.

other less represented invertebrate groups. The aquifer

The Querença-Silves aquifer hosts a diverse group of

hosts several Cyclopoids and Harpacticoids with a mixture

gastropods. Within the collected samples, eight species

of cosmopolitan and strict GW dwellers, but also of fresh-

belonged to seven different families. The two genera of

water and marine origin. Hence, the results of our study

Bythinella sp. and Bithynia sp. inhabit low-salinity waters

show that the stygofauna assemblage carries informative sig-

(e.g. in Q4), and they were absent in all other locations.

nals to detect gradual salinity changes of the aquifer. In fact,

The results of SIMPER analysis also indicate the important

the three true GW organisms (E. hadjebensis, M. brachypus

roles of these two gastropods for differentiating the habitats

and A. sensitivus) were absent in Q1, justiﬁed by the high-

with saline and freshwater conditions.

salinity conditions of the well. The epigean Gammarus

Ostracods were more numerous in low water salinity

lacustris was only present in the upper layers close to the

conditions and were dominated by C. ophtalmica, an epi-

estuary (well Q1), potentially pointing towards the fresh/

gean benthopelagic species which can swim just above the

saline GW exchanges that occur here. The results of this

sediment (Griffiths et al. ). The result of Simper analysis

study also suggest that salinization may reduce the diversity

illustrated that this species had a large contribution to

since the highest diversity richness and fauna density was

distinguishing

registered for well Q4 with lowest salinity record. These

Cypridopsis vidua and Bradleycypris obliquus are new

high-salinity

from

low-salinity

wells.

results lead us to address the likelihood of applying these

records for GW in Portugal (Bode et al. ). They are

species for detecting salinity disturbance. A limitation of

recognized as a potential indicator of freshwater conditions

our work was the relatively low number of sampled wells,

due to their restricted distribution (Bode et al. ).

however, these reﬂected all available salinity levels – which

Daphnia pulicaria had a very limited distribution pat-

was the purpose of the study – and a very high biological rep-

tern, signiﬁcantly abundant in high-salinity waters only

resentation was obtained, with more than 50 taxa and 800

(i.e. well Q5).

animals being collected.

Many cyclopoida species are true GW stygobite copepods (Galassi ) and four were present in our samples.

Taxa with high and low dispersal ability

The Cyclopoids with more than 200 stygobites prevailed in
Q5, underling the patchy distribution of stygofauna and

The fauna distribution pattern may reﬂect the sensitivity of

aquifer heterogeneity. Copepods are highly sensitive to

fauna to environmental factors such as EC. However, part

alteration of water conditions due to anthropogenic impacts

of species distributions could be inﬂuenced by other factors

and are indicative of hydrological regimes in GW systems

such as patchy distribution of stygofauna, their low dispersal

(Paran et al. ; Dussart & Defaye ), suggesting that

ability and also their occurrence in some wells could be jus-

they have great potential to be used as indicators for GW

tiﬁed by their high connectivity to adjacent surface water

ecosystem conditions (Galassi et al. ).

bodies. However, in this study, some taxa were not identiﬁed

Among the investigated abiotic variables, EC, pH, hydrau-

to species level and this might inﬂuence the interpretation of

lic head and water depth were found to be the variables that

dispersal ability.

best explain the distribution pattern of stygobites in the Quer-

Oligochaeta groups are generally one of the most under-

ença-Silves aquifer. However, the assessment of other

studied invertebrate in GW, though they constitute a rich

environmental variables may also help provide additional

and diversiﬁed component of subsurface assemblages, able

explanations of the observed pattern of species diversity.

to inhabit a large array of subsurface habitats (Cook ;

There are other factors controlling dispersal ability in

Creuzé des Châtelliers et al. ). Oligochaeta were present

stygofauna such as their elongated developmental cycles,

in ﬁve wells (Q1–Q5) within the Querença-Silves aquifer.

low ability of productivity and lack of dispersal in larval

Our ﬁndings indicate that Oligochaeta specimens do not

stage (Dole-Olivier et al. ). In this regard, more detailed
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species investigation is required to distinguish whether their

signals to detect gradual salinity changes of the aquifer.

distribution pattern is attributed to their biological charac-

The pattern of stygofaunal community composition and dis-

teristics or if it is their ecological tolerance that is the

tribution in the Querença-Silves aquifer varied among the

signiﬁcant factor. Moreover, the irregular and patchy distor-

wells and was linked to the variation in GW salinity,

tion of stygofauna sometimes limits their application as

water depth and distance to the estuary. Stygobites species

biological indicator thus, the improvement of data sets is

were revealed to be more suitable indicators of saline

required by increasing sampling frequency within an aquifer

exposure while epigean species may be used for more

and focusing the investigations on distinct spatial scales,

acute disturbance. Our ﬁndings showed that saline water

2

from a larger regional scale of GW bodies (>100 km ) to

intrusion into the Querença-Silves aquifer might be indi-

2

small local aquifers (few km ). A better understanding of

cated by the population reduction of E. hadjebensis,

the shifts in stygofauna patterns (diversity, distribution and

A. sensitivus, M. viridis and C. ophtalmica. Changes in the

turnover) in relation to changes in environmental conditions

stygofaunal community may reﬂect changes in aquifer

at distinct scales is also required.

dynamics, recharge, human interference or climate change
which indicates that GW monitoring needs to be joined by
monitoring stygofauna communities.

CONCLUSION
The main focus of this study was to identify the response of
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