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The spatial variation in abundance and composition of subtidal meiobenthos communities was studied in two Portuguese
estuaries under distinct degrees of anthropogenic pressure. Samples were collected from 20 sampling stations along both
estuarine gradients from freshwater (,0.5) to euhaline areas (.30). Of these stations 11 were located in the Mondego
estuary, a system exposed to high anthropogenic stress, and 9 in the Mira estuary, a naturally stressed system located
inside the Natural Park ‘Costa Vicentina’ (south-western coast of Portugal).

Total meiobenthos density was higher in the Mira estuary and in both estuaries the community was dominated by nema-
todes. Among the twelve taxa identified in the Mira estuary, Harpacticoid copepods and Polychaeta were the second and the
third most abundant groups respectively. In the Mondego estuary, Polychaeta was the second while Harpacticoid copepods
was the third most abundant group in the thirteen total taxa recorded.

Estuarine gradients of salinity, particles size and water nutrients were clearly detected in both estuaries and there was
significant spatial heterogeneity in abundance and composition of the subtidal meiobenthos communities along these environ-
mental gradients. Accordingly, three distinct sections were identified in both estuaries: (i) freshwater sections, where total
density, and density of nematodes and Harpacticoid copepods reached minimum values; (ii) oligohaline and mesohaline
sections, where the total density was low and diversity was poor; and (iii) polyhaline and euhaline sections, where both
total density and diversity reached the highest values.

The similar spatial distribution of meiobenthos assemblages in both estuaries suggests that natural stressors may be the
major factors controlling the physicochemical conditions that determine meiobenthos community patterns. The mesoscale
variability of subtidal meiobenthos density and composition within estuaries (in the order of kilometres) seems to be more
important than the variability between estuaries (at the scale of hundreds of kilometres), a common feature in intertidal
systems. From the management point of view, these results, based on higher taxa resolution, represent an obvious constraint
to the applicability of ecological quality evaluation tools.
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I N T R O D U C T I O N

Estuaries provide a natural gradient of salinity, often closely
linked to other estuarine gradients, where abiotic conditions
can change appreciably and continuously over a scale of kilo-
metres. The importance of these abiotic factors (salinity, sedi-
ment grain size, sediment organic matter content,
temperature, oxygen availability and pollution) in determin-
ing the temporal and spatial variation of meiofauna commu-
nities is well documented (Bouwman, 1983; Heip et al.,
1985; Austen & Warwick, 1989; Soetaert et al., 1995;
Li et al., 1997; Forster, 1998; Moens & Vincx, 2000; Steyaert
et al., 2003; Derycke et al., 2007).

The spatial patterns of meiofauna of estuarine and marine
sediments have typically a strong spatially heterogeneous dis-
tribution and horizontal patchiness as a consequence of the
natural variation in abiotic conditions along estuaries
(Phillips & Fleeger, 1985). At larger scales (km), the meio-
fauna patchiness is commonly related to abiotic gradients in
sediment composition and granulometry, salinity, tempera-
ture fluctuations and tide action (Li et al., 1997). Physical
factors are the main drivers of macroscale (km) heterogeneity
in meiobenthos assemblages spatial patterns, while at the
microscale (m) heterogeneity is caused by the effects of
patchy food resources, predation, competition and reproduc-
tion behaviour (Sandulli & Pickney, 1999; Steyaert et al.,
2003).

A number of studies in several estuaries identified salinity
as an important independent factor determining the structure
of the meiobenthos communities (Soetaert et al., 1995; Santos
et al., 1996). Salinity and sediment characteristics on the scale
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of hundreds of metres to kilometres were better predictors of
community structure than latitudinal differences on the scale
of hundreds of kilometres (Soetaert et al., 1995). Likewise, it is
well known that total meiobenthic density and number of
species fall down as one moves from the sea towards fresh-
water (Austen & Warwick, 1989). As the preponderance of
species in estuaries is marine, there is a decrease in species
richness toward upstream (Coull, 1999). However, in some
studies, the meiobenthos community distribution does not
follow the salinity pattern. For example, species diversity in
the Tamar estuary was lower in the mid-saline station than
in upstream stations (Austen & Warwick, 1989). Although
the salinity gradient is clearly important as a structural
driver in estuaries, other factors can interact with and override
the salinity effects (Austen & Warwick, 1989). Among these
factors, the diameter of sediment particles is particularly
important. For instance, in sediments with a higher detritus
and clay content the meiofauna diversity decreases while
abundance increases (Heip et al., 1985). In another study,
Coull (1985) described that abundance at a mud site was
approximately twice that at a sand sediment site. Together,
salinity/sediment-related factors explain many differences in
meiofauna communities’ distribution (Austen & Warwick,
1989; Soetaert et al., 1995; Li et al., 1997).

Apart from natural stressors, physical and chemical
anthropogenic pressures can also modify the meiofauna
pattern distribution. By altering the relative abundances of
sensitive species, as well as their diversity and distribution pat-
terns, anthropogenic pressures can be key factors influencing
the structure and composition of meiobenthos communities
(Essink & Keidel, 1998; Schratzberger & Warwick, 1998;
Schratzberger et al., 2004; Derycke et al., 2007). Therefore,
characterizing the distribution patterns of meiobenthic assem-
blages has become a useful biological tool to detect anthropo-
genic disturbance and environmental change (Warwick, 1981;
Coull & Chandler, 1992). The identification of all organisms
to the species level is very time-consuming and requires a
high degree of taxonomic expertise and standardization.
Some studies have shown that little information is lost by
working at a taxonomic level higher than species, and at what-
ever taxonomic level the analysis is carried out, it is possible to
obtain interpretable results if the community pattern changes
markedly (Warwick, 1993; Somerfield & Clarke, 1995).

Although studies of meiofauna distribution are common at
different spatial scales of estuarine intertidal environments,
they have most often been carried out in a narrow range of
estuarine gradients (Udalov et al., 2005) and only a few of
those included the oligohaline part of the salinity gradient
(Soetaert et al., 1994, 1995). Moreover, the knowledge con-
cerning the spatial distribution patterns along estuarine gradi-
ents in subtidal estuarine ecosystems is comparatively scarce
(Soetaert et al., 1994; Smol et al., 1994).

The structural characteristics of the meiobenthos estuarine
communities have been well documented in several
northern European estuaries (e.g. Ems–The Netherlands;
Westerschelde—Belgium; Elba—Germany; Gironde—France;
Tamar and Exe—UK). Nonetheless, there is a pronounced
difference between the research efforts spent in the well
studied northern systems and that spent in poorly known
southern estuaries.

This study: (1) examined the spatial distribution patterns of
subtidal meiobenthos communities along a wide range of estu-
arine gradients, particularly along the salinity gradient, in

southern European estuaries; (2) compared the meiofauna
spatial patterns in two estuaries, one under ‘light anthropo-
genic stress’ and the other under ‘high anthropogenic stress’;
and (3) related the natural environmental factors with the
meiofauna assemblages

The specific questions addressed in this study were:

(1) How does the composition and density of meiofauna
communities in subtidal sediments vary along the estuar-
ine gradients in southern European estuaries?

(2) Do distinct degrees of anthropogenic stress have an effect
on meiofauna spatial distribution patterns along the estu-
arine gradients?

(3) Is it possible to distinguish meiofauna spatial distribution
patterns in the two estuaries under distinctly different
degrees of anthropogenic stress, using higher taxonomic
levels?

M A T E R I A L S A N D M E T H O D S

Study areas
This comparative study was carried out simultaneously in the
Mondego and Mira estuaries, both located on the western
Atlantic coast of Portugal.

The Mondego estuary (408080N88500W) is a 21 km-long,
warm-temperate intertidal system (Figure 1A). Its terminal
part consists of two arms—northern and southern—separated
by an alluvium island (Murraceira Island) and united again
near the estuary’s mouth. The two arms have very different
hydrological characteristics. The southern arm is shallower
(2–4 m during high tide), presenting large areas of intertidal
mudflats (almost 75% of the area) exposed during low tide
(Neto et al., 2008). The northern arm is deeper (5–10 m
during high tide) and receives most of the system’s freshwater
input, being strongly influenced by seasonal fluctuations in the
water flow (Flindt et al., 1997). In general, the Mondego
estuary is under severe environmental stress (high anthropo-
genic stress) because it supports several industries and receives
agricultural run-offs from rice and corn fields in the lower
river valley (Lillebø et al., 2007). Moreover, a harbour is
located in the northern arm, where regular dredging
is carried out to ensure appropriate shipping conditions. In
the southern arm, clear eutrophication symptoms were
observed in the early 1990s, particularly the occurrence of sea-
sonal blooms of Ulva spp. and a concomitant severe reduction
of the area occupied by Zostera noltii beds, previously the
richest habitat in terms of productivity and biodiversity
(Marques et al., 1993), and also of Z. noltii biomass in the
areas where it still remained, as a function of the competition
with macroalgae (Marques et al., 2007). From 1998, several
interventions were gradually undertaken, following the
reduction in the freshwater discharge proceeding from
the Pranto River sluice and the limited re-establishment of
the upstream communication between the two arms (1997/
1998), this trend appeared to reverse into a certain extent.
A full re-establishment of the communication between the
two arms was undertaken during the spring of 2006.

The Mira estuary (378400N 88400W) (Figure 1B), located on
the south-west coast of Portugal, is a narrow estuary, nearly
30 km long, with a mean depth of approximately 6 m and bor-
dered by 285 ha of salt-marshes. Together with its surround-
ing area, it is included in a protected zone—the Natural Park
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of ‘Sudoeste Alentejano e Costa Vicentina’—and is therefore
under light anthropogenic stress. This estuary is considered
relatively undisturbed and free from industrial pollution
(Costa et al., 2001), and the physicochemical fluctuations
result mainly from: (a) its morphology, since the terminal
section of the river is rather regular, which facilitates the
upstream tidal penetration; and (b) the concentration of rain-
fall between January and March, while the rest of the year is
usually dry in the region, which determines a normally
reduced outflow.

Sampling
Sampling was carried out in the summer of 2006 at both estu-
aries. Sampling stations were previously allocated to one of the
five Venice salinity classes (Anon, 1959) (freshwater , 0.5;

oligohaline 0.5–5; mesohaline 5–18; polyhaline 18–30 and
euhaline .30) (Table 1) according to information gathered
in earlier studies (Teixeira et al., 2008). A total of nine stations
in the Mira estuary (Stations 01, 1, 2, 3, 4, 6, 7, 8 and 11) and
11 stations in the Mondego estuary (Stations 25, 23, 21, 19, 18,
13, 12, 9, 7, 6 and 4) were selected, including the northern arm
(Stations 13 and 12) and southern arm (Stations 9, 7, 6 and 4)
subsystems of the Mondego estuary (Figure 1) (Table 1).

Three replicates of subtidal meiobenthos were collected at
each sampling station by forcing a Kajak sediment corer
(inner diameter: 4.6 cm) 3 cm into the sediment. All
samples were preserved in 4% buffered formaldehyde.
Meiofauna was extracted from the sediment fraction using
Ludox HS-40 colloidal silica at a specific gravity of
1.18 g cm23 and using a 38 mm sieve (Vincx, 1996). All meio-
benthic organisms were counted and identified at a higher

Fig. 1. Stations location (black circles) in (A) Mondego estuary and (B) Mira estuary. Bottom salinity values + standard deviation (in parentheses) were based on
earlier studies (Teixeira et al., 2008).
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taxonomic level under a stereomicroscope. The abundance
(individuals per 10 cm22) of each meiofauna group was quan-
tified. Meiofauna taxa identification was based on Higgins &
Thiel (1988) and Giere (1993).

Water salinity, temperature, pH and dissolved oxygen
(DO) (mgl21) were measured in situ, during meiofauna
sampling, using a Data Sonde Survey 4. Water nitrate (NO3)
(mmoll21) and nitrite (NO2) (mmoll21) concentrations were
analysed according to standard methods described in
Strickland & Parsons (1972), and water ammonium (NH4

þ)
(mmoll21) and water phosphate (PO4

32) (mmoll21) concen-
trations were analysed following the Limnologisk Metodik
(1992) methodology. Sediment organic matter content (OM)
was quantified by weight difference between the sediment
weight after oven drying at 608C for 72 hours and the sedi-
ment weight after combustion at 4508C for 8 hours, and
expressed as a percentage of total weight. Grain size analysis
was carried out by mechanical separation through a column
of sieves with different mesh sizes. Sediment grain size was
classified into five classes in accordance with Brown &
McLachlan (1990): gravel (.2 mm), coarse sand (0.500–
2.000 mm), mean sand (0.250–0.500 mm), fine sand
(0.063–0.250 mm) and siltþ clay (,0.063 mm), and the
different fractions expressed as a percentage of the total
sample weight.

Data analysis
Data were analysed in order to: (a) characterize and compare
taxa composition and density along the two estuaries; (b)
compare the environmental variables influencing the structure
and distribution of meiofauna assemblages in the two estu-
aries; and (c) relate the natural environmental factors with
the meiofauna assemblages.

Differences in meiobenthos density between sampling
stations at each estuary were tested by Kruskal–Wallis
one-way analysis by ranks because assumptions for para-
metric statistics (e.g. normality and homogeneity of variance)
were not met. Multivariate analysis was applied according to
the procedures described by Clarke (1993). Non-metric multi-
dimensional scaling (MDS) ordination using the Bray–Curtis
similarity measure was applied to a square-root transformed
matrix of the meiofauna data. Formal significance tests for
differences between groups of samples were addressed using
one-way ANOSIM tests (Clarke, 1993). The contribution of
each taxon for the dissimilarity between groups of stations
was determined by using the similarity percentage analysis
procedure (SIMPER). The relationship between the environ-
mental variables and the meiobenthic community structure
was explored by carrying out a BIOENV analysis (Clarke &
Ainsworth, 1993). A correlation-based principal components

analysis (PCA) using normalized Euclidean distance was
applied to show spatial differences in environmental
parameters.

All statistical analyses were performed using the software
packages SPSS version 16 and PRIMER version 6 (Clarke &
Warwick, 2001).

R E S U L T S

Abiotic factors
Abiotic variables measured along the estuarine gradients in
the Mira and Mondego estuaries are shown in Table 2.
Salinity gradients were observed in both systems with values
increasing from upstream towards the estuaries’ mouths
(Figure 1).

A typical gradient of estuarine sediments was observed in
Mira, where fractions of silt and clay increased from upstream
to downstream. The only exception was the euhaline station
11, located at the estuary’s mouth, with a higher percentage
of sand (.90%). The three uppermost stations registered a
predominance of coarse sediments (gravelþ coarse sand .

64%). The other stations were characterized by sediments
with a predominance of fine sand, silt and clay (.86%).
The gradient of sediments in the Mondego estuary was
much less clear, since the upstream section consisted predo-
minantly of fine sand, with the exception of the uppermost
station (Station 25), where the proportion of gravel and
coarse sand was 82%. Distribution patterns of sediment com-
position were different between the two arms, with the north-
ern arm being coarser and the southern arm being mostly
composed of medium and fine sediment. Overall, the
Mondego estuary had larger proportions of fine sand and
much smaller proportions of siltþ clay than the Mira estuary.

In both estuaries, the sediments characterized by a predo-
minance of fine particles also presented the highest percen-
tages of OM. In Mondego, the highest OM contents where
obtained in sediments of the upper section (Station 18 with
4.8%) and in the Pranto station of the southern arm
(Station 9 with 6.8%).

No spatial pattern was detected in nitrites and ammonium
concentration in the Mira estuary (Table 2). The highest
values were registered in Station 4 (1.357 mmol l21 and
9 mmol l21, respectively), but remained constant throughout
other stations in the estuary. In Mondego, on the contrary,
the concentrations of ammonium, nitrates and phosphates
were higher in the northern arm than in the southern arm,
decreasing towards the mouth of the estuary in both arms.

Principal component analysis of abiotic parameters
measured at each station of the Mira estuary identified three
groups of sampling stations (Figure 2A): Group I— included
oligohaline, mesohaline and polyhaline stations; Group II—
included freshwater, oligohaline and mesohaline stations;
and Group III—included the only euhaline station. The varia-
bility obtained was mainly due to higher proportions of siltþ
clay and OM in downstream stations and predominance of
mean sand in upstream stations.

Likewise, PCA of Mondego’s environmental factors also
categorized the different stations into three major groups
(Figure 2B): Group I—included polyhaline and euhaline
stations located in the northern and southern arms; Group
II—included oligohaline and mesohaline stations; and

Table 1. Salinity classes from the Venice salinity classification and corre-
spondence with the sampled stations in the Mira and Mondego estuaries.

Venice
classification

Salinity
ranges

Mira
stations

Mondego
stations

Freshwater ,0.5 01 25
Oligohaline 0.5–5 1, 2, 3 23, 21
Mesohaline 5–18 4, 6 19, 18
Polyhaline 18–30 7, 8 9, 7, 6
Euhaline .30 11 13, 12, 4
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Table 2. Environmental variables measured at each sampling station from the Mira and Mondego estuaries.

Estuary St. Transp (m) T (88888C) DO (mg/l) pH PO4
32 (mmol/l) NO3

2 (mmol/l) NO2
2 (mmol/l) NH4

1 (mmol/l) OM (%) Gr (%) CS (%) MS (%) FS (%) Silt 1 Clay (%)

Mira 1 0.3 19.5 3.6 7.0 0.129 3.857 0.143 2.429 3.4 44.2 19.7 22.3 11.1 2.8
1 0.3 23.6 4.5 7.4 0.516 29.071 0.286 1.357 4.0 71.3 17.8 5.3 2.1 3.5
2 0.8 26.0 5.0 7.4 0.323 55.071 0.571 1.643 6.2 42.3 27.4 8.7 6.0 15.7
3 0.6 26.5 4.5 7.7 0.226 34.071 0.786 1.643 7.2 0.2 5.7 5.9 9.4 78.9
4 0.7 26.5 4.2 7.5 0.419 32.214 1.357 9.000 5.7 63.0 3.8 2.1 6.0 25.1
6 0.6 27.2 4.0 7.5 0.258 38.429 1.000 4.571 8.8 1.9 4.9 6.9 18.4 67.9
7 0.6 24.8 5.0 7.6 0.419 13.929 0.929 2.500 10.5 2.3 0.9 1.4 11.7 83.7
8 0.8 22.5 4.2 8.0 0.516 1.500 0.357 2.429 9.9 0.0 1.3 1.5 5.3 91.8

11 1.5 21.4 4.8 8.1 0.161 0.000 0.071 0.000 2.3 4.8 22.3 39.3 28.7 5.0

Mondego 25 0.6 24.0 6.4 7.4 3.097 95.071 4.286 13.143 0.2 35.8 46.0 16.2 1.9 0.2
23 0.7 23.6 5.9 7.4 3.000 90.214 3.071 9.286 4.1 8.8 3.1 16.9 64.4 6.7
21 0.7 23.3 6.2 7.3 2.161 81.000 1.786 7.214 3.0 38.4 1.7 15.9 39.0 5.1
19 1.1 22.8 6.2 7.3 2.161 81.000 1.786 7.214 3.8 0.2 0.9 14.4 74.1 10.4
18 1.1 22.8 7.1 7.4 1.742 40.429 1.000 6.571 4.8 1.1 11.4 16.2 59.1 12.2
13 2.8 19.0 7.6 7.5 1.452 26.571 0.714 4.714 1.4 29.7 26.3 22.0 17.5 4.5
12 3.1 18.3 7.6 7.5 1.452 26.571 0.714 4.714 2.5 25.7 26.7 17.7 22.5 7.4

9 0.5 23.4 8.6 7.8 1.000 6.286 0.286 3.286 6.8 0.2 0.9 25.1 68.7 5.1
7 1.1 22.9 8.4 7.9 0.871 10.429 0.143 3.643 0.6 17.4 37.0 22.9 22.3 0.4
6 2.0 20.7 7.9 7.9 1.419 22.286 0.500 6.571 1.4 11.8 35.2 23.9 26.6 2.6
4 3.2 17.6 8.4 7.9 0.968 21.357 0.143 3.000 0.9 1.6 7.9 27.6 60.9 2.0

Transp, transparency; T, temperature; DO, dissolved oxygen; PO4
32, phosphate; NO3

2, nitrate; NO2
2, nitrite; NH4

þ, ammonium; OM, sediment organic matter; Gr, gravel: .2 mm; CS, coarse sand: 0.5–2.0 mm; MS, mean
sand: 0.25–0.50 mm; FS, fine sand: 0.063–0.250 mm; siltþ clay: ,0.063 mm.
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Group III—included oligohaline and freshwater stations.
Similarly to the Mira estuary, the variability obtained in the
Mondego analysis was associated with higher proportions of
siltþ clay in stations located closer to the mouth, and
lower salinities and coarser bottom sediments in upstream
stations.

Clear differences emerged between the two estuaries when
analysing pooled physicochemical data from both estuaries
(Figure 2C). The variability along PC1 was mainly associated

with the estuarine gradients observed in both systems: the
stations with higher salinity values and higher proportions
of fine particles were located downstream, and the other
stations, presenting lower salinities and coarser sediments,
were found in upstream areas. Differences between the two
systems were essentially associated with the higher OM and
siltþ clay proportions observed in the Mira estuary, and the
higher values of dissolved oxygen and PO4

32 recorded at
Mondego.

Meiobenthos
The subtidal meiobenthos density and composition followed a
clear pattern along the estuarine gradients in both the Mira
and the Mondego estuaries.

Meiobenthos mean density was higher in the Mira
(583.18 + 159.23 ind 10 cm22) than in the Mondego
estuary (441.65 + 88.13 ind 10 cm22). Significant differences
(P , 0.05) in density were recorded among the Mira stations,
ranging from a minimum of 14.5 + 5.2 ind 10 cm22 in
Station 01 up to 2297.4 + 426.9 ind 10 cm22 in Station 7.
There were also significant differences (P , 0.05) among
the Mondego stations, where a minimum of 83.7 + 20.9
ind10 cm22 was found at Station 25 and a maximum of
1383.5 + 397.1 ind10 cm22 was recorded at Station 4.

Twelve higher taxa were identified in samples from both
estuaries: Nematoda, Harpacticoid copepods, Polychaeta,
Ostracoda, Nauplii larvae, Bivalvia, Gastropoda,
Halacaroidea, Turbellaria, Oligochaeta, Amphipoda, and
Cladocera. The taxon Ciliophora was found only in the
Mondego estuary. Nematodes were the dominant taxon
along the estuarine gradients in both systems, representing
95% of the total meiofauna in Mira and 88% in Mondego
(Table 3). In the Mira estuary, the maximum nematode
density was observed in the polyhaline area (Station 7)
(2234 + 400 ind10 cm22), while the minimum occurred in
the freshwater Station 01 (12.44 + 3.91 ind10 cm22).
In Mondego, on the other hand, nematodes reached the
maximum density at the euhaline area in the southern
arm (Station 4) (1323.10 + 389.52 ind10 cm22) and the
minimum at the freshwater Station 25 (38.93 + 5.28
ind10 cm22). The proportion of nematodes in the total meio-
fauna density was lowest at the freshwater station of the
Mondego estuary (47%), while in the Mira estuary the
lowest proportion was found in the euhaline section (70%).

The mean density of other meiofauna groups for both estu-
aries is also shown in Table 3. Harpacticoid copepods (2%)
was the second most abundant taxon in Mira, and
Polychaeta (1.8%) the third, with the other taxa representing
approximately 1% of the total meiofauna density. In
Mondego instead, Polychaeta (8%) were the second most
abundant taxon and Harpacticoid copepods (2%) the third.
The remaining taxa represented 2% of the total meiofauna
density. Differences in meiofauna taxa composition were
also observed between the two arms of the Mondego
estuary, since Amphipoda, Turbellaria and Cladocera were
absent from the northern arm, and Ciliophora was not
present in the southern one.

The MDS analysis, with stress values of 0.01 and 0.03 (in
Mira and Mondego, respectively), generated a good meio-
fauna data ordination and the 2-dimensional solution was
therefore enough to appreciate the overall community struc-
ture (Clarke & Warwick, 2001). The ordination based on

Fig. 2. Principal component analysis (PCA) plot based on the abiotic
parameters at each station from: (A) Mira estuary (PC1 ¼ 41.8%, PC2 ¼
29.4%); (B) Mondego estuary (PC1 ¼ 55.4%; PC2 ¼ 30.2%); and (C) Mira
and Mondego estuaries simultaneously (PC1 ¼ 34.8%; PC2 ¼ 26.8%).
F, freshwater; O, oligohaline; M, mesohaline; P, polyhaline; E, euhaline.
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Table 3. Mean density + SE (number of individuals per 10 cm2) of meiofaunal taxa in each station in the Mira and Mondego estuaries.

Estuary Station Nematoda Copepoda Polychaeta Ostracoda Nauplii larvae Bivalvia Gastropoda Halacaroidea Turbellaria Oligochaeta Amphipoda Cladocera Ciliophora

Mira 01 12.44 + 3.91 – 0.80 + 0.80 – 0.60 + 0.35 – 0.20 + 0.20 – – 0.20 + 0.20 – 0.20 + 0.20 –
1 267.51 + 59.22 1.20 + 0.92 6.42 + 5.54 1.40 + 0.87 0.40 + 0.40 5.82 + 1.06 – – 0.20 + 0.20 – – – –
2 108.97 + 26.67 1.00 + 0.53 3.01 + 1.04 2.21 + 1.06 1.40 + 1.12 0.20 + 0.20 – 0.18 + 0.20 2.01 + 1.45 0.20 + 0.20 0.20 + 0.20 – –
3 196.07 + 79.32 1.81 + 1.52 0.80 + 0.80 8.23 + 2.01 1.20 + 0.92 – – 1.61 + 0.53 0.60 + 0.60 – – – –
4 78.47 + 30.66 0.80 + 0.80 0.60 + 0.60 1.40 + 0.40 – – – – 0.20 + 0.20 – – – –
6 202.08 + 73.02 5.22 + 1.64 28.50 + 7.49 3.01 + 2.71 0.40 + 0.40 – 0.20 + 0.20 1.00 + 0.60 0.20 + 0.20 – 0.20 + 0.20 – –
7 2234.00 + 400.23 54.18 + 23.41 3.41 + 1.61 2.21 + 1.64 0.80 + 0.40 0.40 + 0.40 0.20 + 0.20 1.61 + 0.72 0.20 + 0.20 0.20 + 0.20 0.20 + 0.20 – –
8 1687.34 + 200.98 9.03 + 2.17 6.22 + 4.54 1.00 + 1.00 – – 4.62 + 4.62 0.40 + 0.20 0.20 + 0.20 1.00 + 1.00 – – –

11 203.89 + 65.25 36.12 + 20.23 44.75 + 13.47 0.20 + 0.20 4.82 + 2.62 – – – – 1.40 + 1.40 0.60 + 0.35 – –

Mondego 25 38.93 + 5.28 3.01 + 1.39 37.53 + 15.93 0.20 + 0.20 0.40 + 0.20 3.01 + 0.35 – – – – 0.60 + 0.35 – –
23 100.94 + 37.02 1.00 + 0.20 34.12 + 9.21 – 0.20 + 0.20 33.92 + 31.25 – – – – – – –
21 117.40 + 12.81 0.60 + 0.35 15.85 + 4.12 – – – – – – 1.40 + 0.20 – – –
19 182.62 + 51.08 0.40 + 0.20 46.56 + 10.81 1.00 + 0.20 – 0.20 + 0.20 – – – 1.00 + 1.00 0.20 + 0.20 – 0.60 + 0.60
18 185.03 + 57.73 4.01 + 1.57 81.08 + 35.73 1.40 + 1.12 – 0.80 + 0.53 – 0.20 + 0.20 0.40 + 0.20 – 0.20 + 0.20 – –
13 228.78 + 75.23 6.82 + 4.12 24.08 + 5.14 – 0.60 + 0.35 0.80 + 0.53 2.01 + 1.12 – – 1.20 + 0.60 – – 3.61 + 3.03
12 248.04 + 37.22 1.20 + 0.60 9.43 + 2.65 0.20 + 0.20 0.20 + 0.20 1.61 + 0.87 – 0.20 + 0.20 – 5.22 + 3.34 – – –

9 1022.08 + 266.11 5.42 + 1.94 57.80 + 10.89 2.21 + 1.06 – 0,20 + 0.20 – 1.61 + 0.20 – – – – –
7 725.27 + 308.19 35.32 + 31.45 52.98 + 12.95 15.45 + 4.52 0.20 + 0.20 1.20 + 0.70 – 1.81 + 0.92 – 1.00 + 0.20 – – –
6 103.55 + 36.01 2.01 + 1.00 16.05 + 4.59 – 0.20 + 0.20 0.40 + 0.20 0.20 + 0.20 – 0.20 + 0.20 0.20 + 0.20 0.40 + 0.20 – –
4 1323.10 + 389.52 30.91 + 8.08 4.82 + 1.25 4.01 + 1.91 5.22 + 2.37 6.42 + 0.40 3.21 + 1.78 – 0.60 + 0.35 4.01 + 0.87 0.80 + 0.20 0.40 + 0.40 –

(–), absence of taxon in the station.
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the meiofauna taxa abundance and composition from the
Mira estuary showed clearly the spatial heterogeneity along
the estuarine gradient (Figure 3A). The ANOSIM analysis
showed significant differences between salinity stretches
(Global R ¼ 0.709, P ¼ 0.1%). The freshwater assemblage
was significantly different from all other assemblages (RF/O
= 0.962, P = 0.5%; RF/M = 0.772, P = 1.2%; RF/P = 1, P =
1.2%). The oligohaline assemblages were significantly differ-
ent from the polyhaline and euhaline assemblages (RO/P ¼

0.927, P ¼ 0.1%; RO/E ¼ 0.613, P ¼ 0.5%) and closely related
with the mesohaline group (RO/M ¼ 0.079, P ¼ 19.7%). The
polyhaline assemblages were significantly different from the
mesohaline and euhaline communities (RP/M ¼ 0.869, P ¼
0.2%; RP/E ¼ 1, P ¼ 1.2%). The meiofauna assemblage struc-
ture in the euhaline area was significantly similar to the one
in the mesohaline stretch (RE/M ¼ 0.185, P ¼ 11.9%). The
SIMPER analysis showed that dissimilarities between salinity
stretches were mainly caused by the taxa Nematoda,

Harpaticoid copepods and Polychaeta. The higher dissimilari-
ties were observed between freshwater and polyhaline
stretches (98.6%) due to higher density of nematodes in this
last section. Also, the high dissimilarity between freshwater
and euhaline stretches (89.11%) was caused by the higher
density of Nematoda, Polychaeta and Harpaticoid copepods
in the euhaline section. The BIOENV analysis showed that sal-
inity, gravel content, DO, water nitrites and phosphate con-
centrations were the main factors related to meiofaunal
distribution (Table 4).

The MDS analysis of meiofauna taxa density data from the
Mondego estuary also showed spatial heterogeneity along the
estuarine gradient (Figure 3B). This MDS ordination discrimi-
nated the stations located in the southern arm and Pranto
River (4, 7 and 9) from the stations in the northern arm (13
and 12). Moreover, ANOSIM analysis detected significant
differences between salinity stretches (Global R = 0.253, P =
0.2%). SIMPER analysis showed a dissimilarity maximum
(74.52%) between assemblages from the freshwater and euha-
line sections, mainly due to the higher nematodes density in
the euhaline area and higher Polychaeta density in the fresh-
water area. The minimum dissimilarity was observed between
meiofauna communities from oligohaline and mesohaline
stretches (36.86%). The BIOENV analysis showed that the
water ammonium was the physicochemical variable account-
ing for 68% of the variability within the Mondego estuary’s
meiofauna community.

The MDS analysis was not able to discriminate between the
Mondego and Mira assemblages when using pooled data from
the assemblages in both estuaries (Figure 3C). However,
ANOSIM analysis showed that there were significant differ-
ences between estuaries (Global R = 0.14, P = 0.2%) and
stretches (Global R = 0.339, P = 0.1%). Furthermore, it was
possible to discriminate three groups of stations: (i) freshwater
stations—where total meiofauna, nematodes and
Harpacticoid copepods density reached minimum values (15
to 84 ind 10 cm22); (ii) oligohaline and mesohaline
stations—where total meiobenthic density and number of
taxa were lower (81 to 292 ind 10 cm22); and (iii) polyhaline
and euhaline stations—where total meiofauna reached the
highest density and the highest number of taxa (833 to 2297
ind 10 cm22). However, there were deviations from this
general trend. For instance, the assemblages of the Mira euha-
line station were similar to this estuary’s mesohaline commu-
nities, and there were differences in the euhaline assemblages
between the north and south arms of the Mondego estuary.

Fig. 3. Non-metric multidimensional scaling (MDS) plot based on the mean
density of the three meiofaunal taxa replicates, from sampling stations:
(A) Mira estuary; (B) Mondego estuary; and (C) Mira and Mondego
estuaries simultaneously.

Table 4. BIOENV results carried out to meiofauna and environmental
factors data.

Estuary No.
variables

Correlation Selection

Mira 5 0.545 Salinity, gravel, DO, PO4
32, NO3

2

5 0.534 Salinity, DO, pH, PO4
32, NO3

2

5 0.523 Salinity, coarse sand, DO, pH, PO4
32

Mondego 1 0.682 NH4
þ

2 0.666 PO4
32, NH4

þ

3 0.659 pH, PO4
32, NH4

þ

DO, dissolved oxygen; PO4
32, phosphate; NO3

2, nitrate; NO2
2, nitrite;

NH4
þ, ammonium; gravel: .2 mm; coarse sand: 0.5–2.0 mm.
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D I S C U S S I O N A N D C O N C L U S I O N S

The estuarine gradients of salinity, particles size and water
nutrients were clearly detected at both estuaries.

In Mira, the typical transitional water gradients were very
clear and mostly explained by the system’s morphology—a
single river channel and an almost complete absence of irregu-
larities in its terminal section—allowing the tidal influence to
extend about 40 km inland (Paula et al., 2006). Therefore, the
mouth areas, with higher marine influence, are different from
those at the inner sections, with essentially polyhaline and
mesohaline conditions, and both of these differ from those
at the head, which are under oligohaline conditions and
fresh tide influence (Elliot & McLusky, 2002).

In Mondego, due to the distinct hydrological regimes of the
northern and southern arms, the estuarine gradients are
evident, although more complex. The northern arm is
deeper and has been heavily modified, particularly in the
last two decades, by the construction of stonewalls along the
river banks and of small water reservoirs for aquaculture,
which caused changes in hydrodynamics and had a strong
anthropogenic impact. The tidal penetration is therefore
faster along the northern arm and salinity is higher than in
the southern arm during high tide. On the contrary, the
south arm is much shallower, constituting almost a kind of
coastal lagoon in which the water circulation depends
mostly on the tides and on the freshwater input from the dis-
charge, irregular and controlled by a sluice, of a small tribu-
tary, the Pranto River.

A typical gradient of estuarine sediments was observed in
Mira, with fractions of silt and clay increasing from the
upstream sections towards the mouth of the estuary. On the
contrary, the gradient of sediments was much less clear in
the Mondego estuary. In general, in Mondego, subtidal
bottoms had larger fine sand fractions and much smaller silt
and clay fractions than in Mira. Moreover, sediments distri-
bution was very distinct between the two arms of the
Mondego estuary (Teixeira et al., 2008).

In the Mira and Mondego estuaries, the sediments organic
matter content increased as the particle size decreased, a trend
related to the fact that fine sediments have a higher surface
area for organic adsorption (Dale in Parsons et al., 1990). In
Mira, nutrients concentration did not show any spatial vari-
ation during the sampling period, remaining constant along
the estuary, and likely explained by the absence of significant
inputs related with anthropogenic activities. On the contrary,
nutrients concentration (ammonium, the oxidized forms of
nitrogen, and phosphates) at the Mondego estuary was
higher in the northern arm than in the southern one, decreas-
ing seawards in both arms. Interestingly, a previous study in
the Mondego estuary suggested a strong dependency of the
concentration of oxidized forms of dissolved nitrogen on
freshwater inputs from diffuse and/or point sources which
may include precipitation and the subsequent freshwater
flow with agricultural lands draining (Lillebø et al., 2007).

The higher organic matter content and the higher pro-
portions of silt and clay could explain the higher meiofauna
density registered in the Mira estuary. The nematodes taxon
dominated the communities in both estuaries and the
density was in agreement with the range observed in subtidal
environments of the northern European estuaries, values
which are generally lower than those from intertidal systems
(Smol et al., 1994; Soetaert et al., 1994). In Mondego, the

proportion of nematodes decreased in the freshwater
section, thus presenting a similar pattern to that observed in
several other estuaries (Smol et al., 1994; Soetaert et al.,
1994, 1995; Udalov et al., 2005), while in the Mira estuary
the proportion of nematodes remained constant and no
visible trend was obtained. Harpacticoid copepods came
second in relative abundance in the Mira estuary, while in
Mondego the same position belonged to Polychaeta, followed
by Harpacticoid copepods. Copepoda are typically ranked
second in order of abundance in estuarine sediments and
only occasionally is that position occupied by another taxon
(Coull, 1999).

Comparable values of meiobenthos density to those
observed in the present study (15–2297 ind 10 cm22 in the
Mira and 84–1384 ind cm22 in the Mondego estuary) as
well as a similar pattern of increasing density seawards, were
reported in subtidal sediments in the Westerschelde estuary
(67–1666 ind 10 cm22) (Soetaert et al., 1994) and in intertidal
sediments in the Chernaya River (167–2356 ind 10 cm22)
(Udalov et al., 2005).

In summary, there was significant spatial heterogeneity in
the subtidal meiobenthos assemblages’ abundance and com-
position along the estuarine environmental gradients of both
estuaries. Three main areas were identified across the estu-
aries: (i) the freshwater sections—total meiofauna, nematodes
and Harpacticoid copepods density reached minimum values;
(ii) the oligohaline and mesohaline sections—total meio-
benthic density was low and diversity was poor; and (iii) the
polyhaline and euhaline sections—total meiofauna reached
the highest density values and the highest diversity. This ten-
dency was also observed in a number of other studies regard-
ing intertidal and subtidal meiofauna communities (Heip
et al., 1985; Li & Vincx, 1993; Soetaert et al., 1994, 1995;
Yamamuro, 2000).

It is widely accepted that one of the main factors influen-
cing species distribution in estuaries is salinity (Bulger et al.,
1993; Atrill, 2002; McLusky & Elliot, 2004). Several studies
identified salinity as an important independent factor deter-
mining meiobenthic communities’ structure and describing
total meiobenthic density and diversity changes (Coull,
1985; Vincx et al., 1990; Soetaert et al., 1995; Santos et al.,
1996). Some freshwater species, and even terrestrial species,
can invade water less than 5 in the salinity scale. At the
same time, the downstream areas of estuaries are invaded by
marine species that have to adapt to reduced salinity in vari-
able degrees and that eventually vanish with decreasing sal-
inity. Estuarine meiofauna tends to decrease in abundance
and number of species as one moves from the sea to fresh-
water (Bouwman, 1983; Heip et al., 1985; Coull, 1999).

Along with salinity, sediment composition is recognized as
another very important factor influencing meiobenthic taxa
composition and abundance patterns (Coull, 1985; Vincx
et al., 1990; Steyaert et al., 2003), and driving important devi-
ations from the general trend shaped by salinity. For instance,
the meiobenthos density was lower in the intermediate salinity
zones of the Tamar estuary intertidal sediments (Austen &
Warwick, 1989) and in subtidal sediments of estuarine
lagoons (Yamamuro, 2000). In the Westerschelde estuary,
the meiofauna distribution (namely nematode species) is
greatly influenced by the sedimentary and geomorphological
heterogeneity and, together with salinity and related gradients,
these factors explain many of the differences observed
between communities (Soetaert et al., 1994). These studies
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considered the salinity gradient an important driver control-
ling assemblages’ spatial distribution; however, other factors
such as sediment type can overlap the salinity effects.
Indeed, the results observed in the Mira estuary euhaline
area can most probably be attributed to grain size
composition.

In the present study we confirmed a role of salinity in
shaping the distribution of meiofauna communities, and we
also demonstrated that other environmental factors, such as
granulometry, nutrients concentration and sediment organic
matter content, may interact and prevail over salinity effects.
In fact, meiofauna density deviations from the general trend
were observed in the euhaline stretch of the Mira estuary.
This area contained a meiofauna density similar to that of
the mesohaline area most likely due to the influence of the
sediment grain size (higher proportion of sand and a conco-
mitant reduction of the siltþ clay fraction in the euhaline
area). Another example could be found when comparing the
Mondego northern and southern arms’ meiofauna assem-
blages. The different types of environmental impacts in the
northern and southern Mondego branches were extensively
described in previous studies (Marques et al., 2007; Patrı́cio
et al., 2007; Teixeira et al., 2008). The northern arm has
mainly experienced physical disturbance (stonewalls con-
struction and regular dredging) and no eutrophication symp-
toms have been detected so far. On the contrary, in the
southern branch, it was possible to see clear eutrophication
symptoms during the 1990s (resulting from high nutrient
loading together with hydrodynamic confinement).
Nevertheless, since 2000–2001, and despite the prevalent
high nutrient loading, no more opportunistic macroalgae
blooms were observed in this area and, as a result, the
Zostera noltii meadows area is slowly recovering (Marques
et al., 2007). During the spring of 2006, the full
re-establishment of the communication between the two
arms was undertaken (Marques et al., 2007). This intervention
appeared as a suitable way of improving the south arm water
circulation and consequently its ecological quality. Sampling
for the present study was done afterwards (summer 2006).
At the same time, this branch has sediments with higher silt
and clay proportion, higher organic matter content and a
minor freshwater discharge. Physical disturbance is the
major anthropogenic driver acting in the northern branch
and high nutrient concentrations (especially ammonium and
phosphates) is a major pollution problem in both arms. Our
results suggest that the natural stressors related with sedimen-
tary and geomorphological characteristics, together with sal-
inity and related estuarine gradients are the major factors
shaping meiofauna distribution patterns at both subsystems
in the Mondego estuary.

A priori, we would expect ‘natural stressors’ to be the major
meiofauna density and diversity regulators in the Mira
estuary. In contrast, we expected the ‘higher anthropogenic
stress’ in the Mondego estuary to cause significant changes
in meiobenthic distribution along the estuarine gradient.
However, considering both estuaries, the meiofauna spatial
distribution followed a similar pattern, reflecting once more
the natural variability along the estuarine gradients and sup-
porting other studies claiming that meiofauna variability
within estuaries (in the order of kilometres), due to salinity
changes or grain size differences, is more important than
variability at the scale hundreds of kilometres among estuaries
(Soetaert et al., 1995; Li et al., 1997).

From a management perspective, meiofauna attributes,
such as density, composition or taxa number, could provide
a useful tool to evaluate estuarine water quality, leading to
lower sampling effort and minor time consumption (both in
the field and laboratory). However, the results from higher
taxa resolution of these meiofauna assemblages revealed an
obvious constraint in applying such ecological quality evalu-
ation tools to detect anthropogenic-driven changes. Our
results, challenge Warwick’s (1988) point in suggesting that
anthropogenic effects modify community composition at a
higher taxonomic level than natural environmental variables.
Moreover, our results are in good agreement with the
‘Estuarine Quality Paradox’ (Dauvin, 2007), which is based
on the central thesis that estuaries are naturally stressed
because of the high degree of variability in their physicochem-
ical characteristics; therefore the structural features of the
estuarine communities under natural stress resemble those
of anthropogenic stressed areas, making it very difficult to dis-
tinguish communities from natural or human induced areas
(Elliot & Quintino, 2007).
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