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a b s t r a c t

Submarine groundwater discharges (SGD) have been documented as contributing to the biological
productivity of coastal areas, through a bottom-up support to higher trophic levels. Nevertheless, the
effects on the bottom levels of the coastal food web, namely the meiofauna, are still very poorly known.
The “Olhos de Água” beach is the only area on the South coast of Portugal where submarine freshwater
seepages have been identified. In this study, meiofauna assemblages in the area impacted by SGD were
compared with the meiofauna from a similar area, but without SGD. Samples were taken in Spring and
Summer 2011, under different hydrological regimes, aquifer recharge (after Winter) and dryness (after
Spring), respectively. The major changes in the community were recorded at a seasonal level, with higher
abundances and number of taxa in Spring, when compared to Summer. This may be explained by better
sediment aeration during spring along with higher food availability from the sedimentation of spring
phytoplankton blooms. Although no significant differences were detected by multivariate analysis on the
meiofauna abundances between Control and Impact areas, pair-wise tests on the interactions between
factors in number of taxa (S) and species richness (Margalef’s d) suggested that the discharge of
groundwater stimulated an increase in meiofauna diversity. Such effect can be observed between the
meiofauna assemblages from impacted and control areas and also between periods with different
discharge regimes (Spring and Summer) in the impacted area. These findings highlight the role that
freshwater discharges from coastal aquifers have on meiofauna assemblages and suggest that SGD
contribute to enhance the transfer of energy from the lower levels of the trophic web to upper levels.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Submarine Groundwater Discharge (SGD) can be, volumetrically
and chemically, significant for coastal waters worldwide, influ-
encing productivity, species biomass, composition and zonation
(Johannes, 1980). Estimates of 2e4 � 1013 m3 yr�1 have been made
for the Atlantic Ocean, which is around the same amount of
freshwater that enters this ocean from rivers (Moore et al., 2008).
This water might be pure freshwater from a coastal aquifer, recir-
culated seawater, or a mixture of fresh and seawater. Recirculation
may further enhance biogeochemical reactions in the aquifer and
increase the nutrient supply to coastal areas (Moore, 2006). This
flow of fluids through shelf sediments transport nutrients like sil-
ica, nitrogen and phosphorous (e.g. Valiela et al., 1990; Leote et al.,
hoo.com (L. Chícharo).

All rights reserved.
2008;Waska and Kim, 2011) to the coastal zone, which in turn have
the ability to affect the biological zonation (Johannes, 1980; Miller
and Ullman, 2004). For these conceptual similarities, SGD have
been termed ‘submarine estuaries’ (Moore, 1999). As in “conven-
tional” estuaries, where the freshwater inflow is a major struc-
turing factor of biological communities (Montagna and Kalke,
1992), changes in salinity due to freshwater flow from SGD also
has the ability to influence the distribution of organisms (Miller and
Ullman, 2004; Dale and Miller, 2007; Cave and Henry, 2011). SGD
have also been shown to affect local sediments characteristics. Fine
sediments and higher amounts of clay particles have been found in
association with freshwater seepages (Zipperle and Reise, 2005).
Other studies have identified the ability of aquifers to transport fine
sediments (Mahler and Lynch, 1999; Herman et al., 2007;
Goldscheider et al., 2010).

Benthic infauna can be particularly useful to study the long-term
effects of environmental factors on biota, since these organisms are
limited in mobility and long-lived, when compared to planktonic
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organisms of equivalent size (Montagna and Kalke,1992). For its life
history characteristics, namely ubiquitous distribution, rapid gen-
eration times, direct benthic development and sessile life-style
(Kennedy and Jacoby, 1999), meiofauna holds a high potential for
environmental monitoring programs (e.g. Hicks, 1991; Mirto and
Danovaro, 2004; Balsamo et al., 2012).

The effects of SGD on coastal marine infaunal assemblages have
been usually focused on macrofauna. Increased abundances of
polychaetes have been found to be associated with zones with
lower salinity caused be SGD (e.g. Bussmann et al., 1999; Miller and
Ullman, 2004; Dale and Miller, 2008; Silva et al., 2012). Effects on
meiofaunal assemblages are, to date, restricted to one study in
Roscoff Aber Bay, France, where no differences were registered in
meiofauna abundances in seepage zone, when compared to a
control zone (Ouisse et al., 2011), while on biomass, a significant
decrease was identified at the freshwater seepages site during
spring months (Migné et al., 2011).

Distribution and abundance of meiofauna change according to a
whole range of factors, from abiotic (e.g. grain size, sediment water
content, hydrodynamics factors like wave exposure and tidal cur-
rents, temperature, salinity and sediment oxygen content) to biotic
factors (e.g. food supply, organic matter content, interactions with
macrofauna) (Giere, 2009). Interactions with tubes and burrows of
macrofauna, around which better sediment chemistry conditions
exist, namely higher oxygen levels, can also create microhabitats at
certain sediment depths wheremeiofauna usually do not occur due
to adverse sediment chemistry conditions (Meyers et al., 1987;
Ólafsson, 2003). The grain size of sediments can also play an
important role on meiofaunal abundances, directly through the
availability of interstitial habitats, or indirectly through changes in
Fig. 1. Location of the major aquifer systems in Algarve, the study area and respective sa
intertidal and subtidal seeps (adapted from Almeida et al., 2000).
the availability of food and oxygen (McIntyre, 1969; Martens and
Schockaert, 1986; Giere, 2009).

In the present study, community composition and ecological
indexes of benthic meiofauna assemblages were studied aiming to
assess if: 1) assemblages differed between areas under the influ-
ence of SGD and control areas without SGD; 2) if the observed
patterns were consistently maintained in distinct seasons of the
year (Spring vs. Summer).

2. Materials and methods

2.1. Study area

Two study areas located in the south coast of Portugal were
selected: a non-impacted (Control) area and an Impact area (Fig. 1),
in front of the beach of Olhos de Água (where SGD occurs). These
two locations are separated by 7 km and both are belong to the
same water mass according to the Water Framework Directive
(2000/60/EC) classification: a mesotidal (3.4 m), euhaline (35)
sheltered coast (Bettencourt et al., 2003). This south-facing coast
receives waves mainly fromW (31%) with an average height of 1 m,
while significant heights greater than 3m usually arrive from SW in
Winter months (Costa et al., 2001).

The existence of SGD in Olhos de Água beach is known for a long
time and was already described in 1841 by João Baptista Lopes on a
document concerning the Algarve “kingdom” (Lopes, 1841). Arrifes
beach was chosen as a Control location, as is has no direct influence
of aquifers (Almeida et al., 2000). The Albufeira-Ribeira de Quarteira
aquifer, which supports various points of discharge in the Olhos de
Água area, is mainly formed by limestone and detrital-carbonate
mpling sites (Control and Impact), locations of the samples and the positions of the
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Miocene and Jurassic lithologies (Almeida and Silva, 1990). The vo-
lume of water discharged fluctuates according to the aquifer water
table. However, freshwater discharges are observed throughout the
year, with several discharge points in intertidal and subtidal areas
(Almeida et al., 2000). Despite the difficulties associated with
measuring the volumes of dischargedgroundwater toOlhosdeÁgua
beach, estimations of 100 litres per second have been proposed
(Almeida and Silva, 1990).

Until recently, groundwater was the major source of water for
human consumption in the central Algarve region (Monteiro et al.,
2007). Socio-economical changes in the region, mainly a higher
tourism demand and changes in the type of agriculture practiced, led
to a change inwater politics and to an increasinguse of damwaters for
public consumption, rather than groundwater (Monteiro et al., 2003).
This change in water supply in the beginning of the 21st century
allowed the restoration of some coastal aquifers in theAlgarve to their
natural hydrodynamic conditions (Monteiro et al., 2007).

2.2. Experimental design and sampling

Sampling took place according to a ControleImpact design, with
seasonal replication. In order to account for the natural changes in
the hydrological regime of these coastal aquifers, sampling was
done in Spring and Summer and to have replication within seasons
therewere two sampling periods per season. Springwas considered
since it is when the aquifers have been recharged by winter pre-
cipitation, as is characteristic of the Mediterranean climate
(Korkmaz, 1990) and so it is expected that a higher volume of water
is discharged. On the other hand, Summer is the season of the year
when the volume of discharged water is expected to reach its
minimum due to a lack of refilling of the aquifers and a higher
human demand for water (Monteiro et al., 2007). The Control area
was specifically chosen, as it is the only area in Algarve that belongs
to the same water mass as the Impact area but has no influence of
any coastal aquifer system (Fig.1). The Impact area of Olhos de Água
is also a unique area within the south coast of Portugal, as to our
knowledge, no other SGD occur in the coastal area of Algarve. In
order to keep the design as conservative as possible, there could
only be one Control area and one Impact area.

Samples were taken by SCUBA diving in subtidal soft-bottom
sediments, at depths between 4 and 7 m. At each sampling period,
3 replicate samples were randomly taken in each location (Control
and Impact), each sample consisting of 2 corers with 3.5 cm of
diameter and 15 cm deep, which were subsequently pooled. In the
Impact location, samples were randomly collected within the area
delimited by seepages, but not directly on the seepages.

In parallel with each sample, two identical corers (3.5 � 15 cm)
were collected: one for organic matter and one for grain size
analysis. Meiofauna samples were subsequently preserved in 4%
buffered formalin and stained with Rose Bengal until further lab-
oratory processing.

2.3. Laboratory procedures

2.3.1. Meiofauna separation protocol
The technique used to separate the meiofauna from the sedi-

ment was based in the protocol by Burgess (2001) which relies on
density differences. Samples were initially washed with a 500 mm
sieve to remove formalin, Rose Bengal excess and macrofauna or-
ganisms, while meiofauna and sediment were retained in a 55 mm
sieve. The remaining sample was placed in 500 ml PE tubes with
Ludox� (DuPont) HS 40 solution in a 3:2 Ludox/sediment propor-
tion. Samples were homogenized manually for 30 s and subse-
quently with an automatic vortex mixer (Cassel) for 4 min.
Organisms were separated from sediment on a centrifuge
(Beckman Coulter, Avanti� J-25) at 900 � g for 5 min. The super-
natant was removed from the sample by decanting and passed
through a 55 mm sieve, where meiofauna was retained. Meiofauna
samples were then washed with freshwater, stored in tubes and
preserved in 96% ethanol. Meiofauna organisms were then identi-
fied and counted according to major taxonomic groups.

2.3.2. Sediment analysis
The method of “loss on ignition” was used for organic matter

quantification. Dry weight was determined after drying the sedi-
ment samples in an oven (WTC Blinder) for 12 h at 30 �C. The
samples were subsequently ached in a muffle (DINKO) at 450 �C
for 4 h and the remaining sediment was weighted. The organic
matter (OM) percentage was then estimated by dividing ash-free
weight (the difference between ash weight and dry weight) by
dry weight.

The analysis of grain fractions started by placing the sediment in
hydrogen peroxide until all organic matter was oxidized and then
dried at 60 �C (WTC Blinder oven). Sediment samples were then
passed through a stack of sieves that comprised six fractions: silt
and clay (<0.063 mm), very fine sand (0.063e0.125 mm), fine sand
(0.125e0.250 mm), medium sand (0.250e0.500 mm), coarse sand
(0.500e1.000 mm) and very coarse sand (>1.000 mm). The sedi-
ment retained on each fraction was then weighted and the per-
centage of each fraction, in relation to the total weight of each
sample, calculated.
2.4. Data analysis

Variations in organic matter and grain fractions were evaluated
through a two-way analysis of variance (ANOVA) in order to test for
significance between seasons, locations and interactions between
the two factors (significance level of a¼ 0.05). Prior to ANOVA, data
were analysed to test normality (KolmogoroveSmirnov’s test) and
homogeneity of variance (Levene’s test) among treatments.
Average and standard deviation of sediment parameters were
calculated for Control and Impact, in Spring and Summer 2011. In
order to cope with seasonal variability, data was previously tested
for differences between sampling dates within each season. No
significant differences within seasonal replicate data were detec-
ted, so this factor was not considered in subsequent analyses.
Overall, there were 4 lost samples, so the degrees of freedom were
reduced accordingly (from 23 to 19 df), to compensate for these
“missing” replicates.

Differences in abundance of each meiofauna taxonomic group
between locations (Control and Impact) and between seasons (Spring
and Summer)were testedwith two-wayANOVA (significance level of
a¼ 0.05). Whenever significant interactions between the two factors
(season� location)were identified, pair-wise comparisonswere used
(HolmeSidak method). The average and standard deviation of
abundance of meiofauna taxonomic groups was calculated.

For each meiofauna sample, total taxa (S), abundance (N), spe-
cies richness (Margalef’s d) and ShannoneWiener’s diversity (H0)
were estimated. Differences in ecological indices between seasons,
locations and interactions between the two factors were tested for
significance with two-way ANOVA (significance level of a ¼ 0.05).
Whenever significant interactions between the two factors were
identified, pair-wise comparisons were also used. Average and
standard deviation of these ecological indices was calculated for
Control and Impact, in Spring and Summer 2011.

Multivariate statistical methods were used to assess the com-
munity structure across seasons (Spring and Summer) and loca-
tions (Control an Impact). The non-metric multidimensional scaling
(Kruskal andWish,1978) ordination techniquewas performed, as it
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is considered as one of the most robust ordination techniques for
the analysis of biotic communities (Clarke and Warwick, 2001).

Permutational multivariate analysis of variance (PERMANOVA)
was used to test for statistical differences inmeiofauna composition
among seasons, sampling locations and interactions between the
two variables (Anderson, 2001). As the design was unbalanced at
the lowest level (i.e. unequal numbers of replicate samples within
each factor level of the design) it was decided to use Type I sums of
squares in the analyses (Anderson et al., 2008). A two-factor PER-
MANOVAwas performed, using 999 permutations andwas based in
BrayeCurtis measure of similarity of log(xþ1) transformed data.

A Canonical Analysis of Principal coordinates (CAP) (Anderson
and Willis, 2003) was performed to better understand and visu-
alize the relationships between meiofauna, organic matter and se-
diment grain size fractions. According to its authors (Anderson and
Willis, 2003), CAP was designed to identify the strongest relation-
ship between environmental data and the biological data cloud and
also considering the correlation structure among variables.

MDS, PERMANOVA and CAP were all based on the BrayeCurtis
matrix of similarity of log(xþ1) transformed meiofauna abundance
data. The above statistical analyses were conducted using PRIMER 6
and SigmaStat 3.5 software.
3. Results

3.1. Sediment characteristics

Organic matter percentages remained close to 1%, with an
average value of 1.0 � 0.4% and a maximum average value of
1.2 � 0.6% in the Impact location, during summer. ANOVA showed
no significant differences between seasons or between locations
among organic matter percentages (Table 1).

Fine sand was the dominant grain fraction, always comprising
values around 50% of the sediment in both locations (Table 1).
Significant differences were only detected by ANOVA between lo-
cations in clay and silt, very fine sand and medium sand, while no
significant differences were found between seasons or interactions
between the two factors. Silt and clay and very fine sand showed
Table 1
Average and standard deviation of sediment variables, meiofauna taxa abundances and
Shannon’s diversity) in Control and Impact of Spring and Summer 2011. Two-way ANOV
variables between seasons, locations and interactions between the two factors. *p < 0.05

Spring

Control Impact

Sediment variables Organic matter 0.9 � 0.1 0.8 � 0.
Silt and clay 0.2 � 0.0 1.4 � 0.
Very fine sand 14.7 � 0.5 39.7 � 2.
Fine sand 49.3 � 21.9 54.1 � 2.
Medium sand 10.7 � 0.2 2.4 � 0.
Coarse sand 23.5 � 20.7 1.6 � 0.
Very coarse sand 1.6 � 1.4 0.7 � 0.

Meiofauna taxa Copepoda þ nauplii 1846.2 � 1909.9 153.3 � 11
Egg 971.4 � 475.4 721.5 � 12
Foraminifera 462.1 � 727.1 377.3 � 60
Gastropoda 0 905.4 � 40
Nematoda 15,722.2 � 11,751.7 15,189.3 � 15
Nemertea 70.7 � 20.0 938.4 � 88
Ostracoda 1471.3 � 0 492.3 � 43
Others 160.3 � 58.9 82.3 � 63
Polychaeta þ larvae 914.8 � 722.7 999.7 � 13
Turbellaria 7413.1 � 9803.4 4682.7 � 62

Ecological indices S 7.67 � 1.15 11.50 � 1.
N 26,134.4 � 24,225.6 24,578.2 � 17
d 0.68 � 0.07 1.10 � 0.
H0 1.05 � 0.33 1.19 � 0.
the same pattern, increasing from Control to Impact, while medium
sand had a higher percentage in Control than in Impact (Table 1).
3.2. Meiofauna assemblages

In the present study area, the average meiofauna abundance was
14,691.8 � 15,642.3 ind m�2. A total of 14 taxonomic groups were
identified throughout this study: Amphipoda, Bivalvia, Cladocera,
Copepoda þ nauplii, Crustacea larvae, Cumacea, Egg, Foraminifera,
Gastropoda,Nematoda,Nemertea,Ostracoda, Polychaetaþ larvaeand
Turbellaria. Nematoda dominated the meiofauna assemblages, with
anaveragepercentageof abundanceof53�22% (present inallControl
and Impact samples), followedbyTurbellaria (averageof 16�17%and
present in all Impact samples) and Copepoda þ nauplii (average of
13�14%andpresent in all Control samples). Significant differences in
theabundanceof taxonomicgroupswereonly foundbetweenseasons
forNematodaandPolychaetaþ larvae, bothdecreasing fromSpring to
Summer (Table 1). No significant differences were found between
locations or interactions between the two factors.

Significant differences between seasons and locations were
detected by ANOVA for some of the ecological indices. The number of
taxa and abundance showed significant changes among seasons, but
not among locations, while in species richness significant differences
were recorded between Control and Impact (Table 1). Interactions
between factors (seasons � locations) were also identified for the
number of taxa and species richness, which required a more detailed
examination of the results. Pair-wise comparisons revealed similar
patterns for the number of taxa and species richness. Both indices
increased significantly from Control to Impact in Spring, but not in
Summer. In the Impact location, significantly higher values were
found in Spring than in Summer, which did not occurred in Control.

The MDS ordination showed a separation between Spring and
Summer meiofauna samples, but not among Control and Impact
(Fig. 2). The PERMANOVA results also showed a significant
(p¼ 0.006) difference between Spring and Summer, but not among
locations (Table 2).

Themain results from CAP were that silt and clay were correlated
with meiofauna abundances from Impact, while coarse sand was
ecological indices (S e number of taxa; N e abundance; d e species richness; H0 e
A (d.f.Season ¼ 1; d.f.Local ¼ 1; d.f.SexLo ¼ 1; d.f.Residual ¼ 16; d.f.Total ¼ 19) results of
; **p < 0.001.

Summer p value

Control Impact Season Local SexLo

1 1.1 � 0.1 1.2 � 0.6 0.21 0.65 0.79
5 0.2 � 0.1 0.9 � 0.3 0.31 ** 0.22
1 18.5 � 2.6 36.4 � 3.0 0.95 ** 0.53
8 57.3 � 5.1 54.2 � 4.0 0.80 0.42 0.86
2 17.1 � 5.5 4.5 � 0.9 0.05 ** 0.31
5 6.3 � 1.8 2.8 � 0.8 0.42 0.06 0.28
1 0.6 � 0.3 1.3 � 0.5 0.83 0.66 0.46
5.4 831.8 � 752.9 1061.0 � 1208.2 0.94 0.05 0.07
38.5 360.8 � 195.2 523.4 � 841.4 0.19 0.81 0.69
3.6 35.4 � 14.1 268.8 � 340.1 0.10 0.96 0.73
.0 0 438.6 � 580.2 0.61 0.16 0.61
,142.2 3367.0 � 1104.4 2405.0 � 4369.6 * 0.87 0.96
8.2 773.4 � 962.6 325.4 � 214.9 0.63 0.30 0.08
1.7 0 396.1 � 520.2 0.07 0.90 0.60
.8 84.9 � 80.0 207.5 � 278.8 0.77 0.81 0.22
66.7 90.5 � 46.5 277.3 � 224.9 * 0.51 0.95
69.7 871.5 � 539.6 466.9 � 352.8 0.07 0.88 0.97
38 7.60 � 1.14 7.33 � 2.80 * 0.06 *
,952.8 6807.6 � 1626.4 5654.1 � 7970.7 * 0.82 0.98
12 0.75 � 0.12 0.76 � 0.25 0.11 * *
38 1.34 � 0.11 1.38 � 0.35 0.12 0.55 0.74



Table 2
Results from the two-factor PERMANOVA on the meiofauna abundances (Se e

season; Lo e location). The number of permutations used was 999.

Source df SS MS Pseudo-F P (perm) U. perms

Se 1 1808.5 1808.5 3.925 0.006 999
Lo 1 833.8 833.8 1.810 0.142 999
SexLo 1 41.3 41.3 0.090 0.951 999
Res 16 7371.7 460.7
Total 19 10,055.0

Fig. 2. Non-metric multidimensional scaling ordination (MDS) plot for meiofauna
assemblages. (O e Spring; - e Summer; C e Control; I e Impact).
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more correlated with some Control samples (Fig. 3A). Very fine sand
also showed a positive correlation with the Impact samples. Three
main groups of meiofauna taxa, presenting correlations higher than
0.6 with sediment variables, could be identified: Ostracoda, Crus-
tacea larvae, Gastropoda and Cladocera seemed to be more corre-
lated with silt and clay, while Nematoda, Polychaeta þ larvae and
Foraminifera, although also correlated with silt and clay, seemed to
have a higher influence from organic matter (Fig. 3B). Egg appeared
more spaced from other groups but with a positive correlation with
coarse sand.

4. Discussion

Meiofauna can be found at very high abundances in shallow and
subtidal marine sediments, with average values usually ranging
from 105 and 106 ind m�2 (e.g. Albertelli et al., 1999; Rodríguez
Fig. 3. Canonical analysis of principal coordinates (CAP) with vectors of sediment parameters
1, while the vector length represents the correlation strength. (O e Spring; - e Summer;
et al., 2001; Gheskiere et al., 2005; Kotwicki et al., 2005a, 2005b;
Leonardis et al., 2008; Gomes and Filho, 2009; Sandulli et al., 2010).
Our averagemeiofauna abundances (1.5�104 indm�2) were below
the values usually found in similar marine systems. Even looking at
the Spring average abundances (2.5 � 104 ind m�2), that were
significantly higher than the Summer abundances, the values can
still be considered low. Meiofauna abundances are highly influ-
enced by food availability, namely microphytobenthos, organic
matter, bacteria or microalgae (Blanchard, 1990; Ansari et al., 1993;
Pinckney et al., 2003) and sediment chemistry, namely oxygen and
sulphide levels which may be of upmost importance (e.g. Meyers
et al., 1987; Steyaert et al., 2003). In the present study, 53% of the
sediment was constituted by fine sand, possibly with a thin
oxygenated layer and low food supply, here represented by low
organic matter percentages (average of 1%). The combination of
these two factors, may explain the relatively low abundances of
meiofauna found in the present study.

The influence of wave action and grain size on meiofauna as-
semblages is documented. For example, in northern Spain beaches
an exponential increase in meiofauna abundance, biomass and
species richness has been related to beach exposure and average
grain size (Rodríguez et al., 2003). In our study, the fractions of silt
and clay and very fine sandwere the only sediment parameters that
showed a significant increase from Control to Impact. CAP also
showed that these two fractions were indeed more correlated with
the Impact samples, with silt and clay showing a high correlation
with some taxa. Although these differences in sediment composi-
tionmay have some influence in the distribution of meiofauna, SGD
may also have a role in the higher amounts of finer sediments found
in the Impact site. In fact, the finer sediments may be supplied by
the aquifers, as has been reported in other studies (e.g. Mahler and
Lynch, 1999; Zipperle and Reise, 2005; Herman et al., 2007;
Goldscheider et al., 2010). During field sampling a re-suspension
effect caused by the seepages was also recorded in-situ, which
seems to support this hypothesis.

The more evident patterns were detected on a seasonal basis,
with significant differences in some ecological indices, namely
number of taxa (S) and abundance (N). PERMANOVA results also
showed significant changes in meiofauna assemblages between
Spring and Summer. During spring months in the south coast of
Portugal, the average wave height remains above 1 m, but periods
of 1e3mwaves occur, while during summermonths, around 80% of
the time the average wave height remains lower than 1 m (Costa
et al., 2001). Accordingly, a higher aeration of the sediment oc-
curs during spring months, when compared to summer months.
(A) and taxa with correlations higher than 0.6 (B). The circle represents a correlation of
C e Control; I e Impact).
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These higher oxygen levels enhance the abundance and diversity of
meiofauna, as previously mentioned for other shallow water and
beach environments (e.g. Meyers et al., 1987; Rodríguez et al., 2003;
Giere, 2009). In addition, at our latitudes, the peak of primary
production occurs during spring months (Longhurst, 1995). Spring
phytoplankton blooms and their sedimentation, have already been
coupled with meiofauna growth (Rudnick et al., 1985; Ólafsson and
Elmgren, 1997; Nascimento, 2010). Indeed, Rudnick et al. (1985), in
Narragansett Bay (USA), also found seasonal cycles very similar to
the present results, with higher abundances and biomasses in May
and June, which the author related to the sedimentation of
phytoplankton from early spring, while the lowest values were
found in late summer months, when these phytoplankton blooms
have already been depleted.

The significant decrease in the number of meiofauna taxa and
abundance from Spring to Summer may, therefore, be part of a
seasonal cycle, driven by physical and biological factors: higher
sediment dynamism during spring and consequent higher inter-
stitial oxygen levels (McLachlan, 1989) and higher food availability
due to spring phytoplankton blooms (Longhurst, 1995). However,
this high natural environment variability, together with the natural
variability characteristic of meiofaunal assemblages, namely rapid
generation times, creates difficulties for the assessment of fine
distribution patterns.

SGD have been documented as a nutrient source to coastal areas
that enhance biological productivity (e.g. Johannes, 1980; Moore,
1999, 2006; Rocha et al., 2009; Waska and Kim, 2011), which
then would be expected to influence the lower levels of the trophic
chain, namely meiofauna, due to its rapid generation times and
direct benthic development (Kennedy and Jacoby, 1999). In other
trophic levels, increases in abundance and diversity of organisms
have been found for similar coastal soft-bottom environments
under effect of SGD. However, in the case of meiofauna, the iden-
tification of such effects may become challenging due to the natural
variability of these assemblages. In fact, although multivariate
statistics did not reveal significant differences between Control and
Impact (e.g. MDS, PERMANOVA), significant interactions were
found in number of taxa and species richness between factors
(seasons and locations). This indicates that differences between
Control and Impact locations existed, with seasonality also playing
a role in establishing those distribution patterns. The pair-wise
tests applied on the interactions of these two parameters (S and
d) showed that an increase in diversity occurred in the area under
effect of SGD during the Spring period. The volume of discharged
freshwater does fluctuate on a seasonal basis, caused by variations
in the water level of in the aquifer due to seasonal changes in
precipitation (Valiela et al., 1990). In spring the aquifers are usually
well recharged, which ensures a substantial flow of water to the
coastal zone. Thus, the higher diversity of meiofauna during Spring
in the area under effect of SGD can be due to a higher volume of
discharged water and nutrients to the coastal area.

Meiofauna is a major component of marine ecosystem and play
a significant role in energy transfer, acting as a link between pri-
mary producers and higher trophic levels (Moens and Vincx, 1996;
Li et al., 1997; Schmid-Araya et al., 2002; Giere, 2009). Thus, the
nutrient supplied by SGD enables a higher primary productivity,
namely of microphytobenthos and phytoplankton, which may be
nutrient limited (Webster et al., 2002). Bacteria, micro-
phytobenthos and phytoplankton are all food sources for soft-
bottom meiofauna (Rudnick et al., 1985; Sundbäck et al., 1996;
Ólafsson and Elmgren, 1997; Coull, 1999) and thus higher food
availability due to higher nutrient supply, especially during spring,
would explain the higher diversity of meiofauna observed.

In subtidal soft-bottom substrates, such as the present study
area, a high percentage of meiofauna is consumed by organisms
from upper trophic levels, with Polychaetes and Nematodes being
the main contributors for this energy transfer (Danovaro et al.,
2007). The higher diversity of organisms in the lower levels of
the trophic chain, in the present case meiofauna, increases the
number of links in the food web. This enables the transfer of energy
through a higher number of trophic pathways that has the ability to
support a more diverse range of organisms on the higher trophic
levels (Soko1owski et al., 2012). This means that the observed in-
crease in diversity of meiofauna assemblages in the present area
under effect of SGD may also trigger trophic cascade responses.

Studies regarding the effect of SGD on meiofauna assemblages
are almost inexistent worldwide, which strengthens the need of
more studies in this area, in order to understand how these phe-
nomena affect the bases of the food web of coastal marine eco-
systems. Although the natural variability of meiofauna assemblages
may difficult the identification of clear effects from SGD, this study
shows that these natural freshwater inputs play a role in the dy-
namics of these soft-bottom communities, namely in increasing the
diversity of meiofaunal assemblages.
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