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A field experiment was carried out to test the effect of pore water salinity on the macrobenthic as-
semblages in an estuarine region of the Tagus estuary (Portugal) subjected to wide fluctuations in
salinity. The conditions at the experimental site ranged from freshwater (minimum salinity 0.2) to
mesohaline (maximum salinity 15.3). The experimental site was affected by an unexpected deposition of
fluid mud during summer. Redundancy Analysis discriminated the experimental treatments along the
first canonical ordination axis. The analysis also revealed an experimental gradient of increasing envi-
ronmental stress, in which the minimal presence of organisms corresponded to treatments representing
a high level of environmental stress. Sediment dynamics and saline fluctuations were the major factors
that, together, determined the lowmacrofaunal abundance and species diversity at the experimental site.
The most abundant macrofaunal species in this harsh environment were the polychaetes Hediste
diversicolor and Streblospio shrubsolii.

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

Estuaries are natural ecologically important systems that pro-
vide a well-defined physical space in which freshwater and marine
ecosystems meet. Estuaries are complex ecosystems where
physico-chemical factors and processes limit the number of species
adapted to live in adverse conditions (McLusky and Elliott, 2004).
Among the environmental constraints, salinity (a dimensionless
parameter; e.g. Stickney, 2009), has been identified as a structural
factor that determines faunal distribution and diversity along es-
tuaries (Sanders et al., 1965; Ysebaert et al., 1998).

The relationship between salinity and diversity is a matter of
scientific interest (Telesh and Khlebovich, 2010; Whitfield et al.,
2012). The change in diversity along a saline gradient was first
addressed by Remane (1934) in a study carried out in the Baltic Sea.
Although themodel has often been cited since it was first proposed,
it is also known to be deficient in some aspects. For example, it is
not clear whether it is valid for all types of brackish water
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organisms (Whitfield et al., 2012). Thus, the distribution pattern
predicted by the model of Remane has been contradicted in some
studies on planktonic organisms (e.g. Telesh et al., 2011), and it was
also found to be only partly valid for macroalgal species (Schubert
et al, 2011). Attrill (2002) developed a quantitative model as an
alternative to Remane’s qualitative model. Whilst the latter model
identifies a minimum level of diversity that occurs at low salinity
(between 5 and 7), Attrill’s model establishes an inverse linear
relationship between the range of salinity and alpha diversity for
both meiofauna and macrofauna.

The critical saline zone characterized by minimal species rich-
ness was named Artenminimum by Remane (1934). This salinity
range was later designated as horohalinicum by Kinne (1971)
because “salinities between 5 and 8 constitute a significant
ecophysiological boundary line, characterized by minimum num-
ber of species”. Other authors recognized the existence of a saline
range in brackish waters where only a small number of species are
physiologically adapted to live (Khlebovich, 1968; Telesh and
Khlebovich, 2010). As noted by the latter authors, in some cases
the horohalinicum may shift to higher salinities and salinity ranges
(as in the Caspian and Aral Seas; Plotnikov and Aladin, 2011).
Subsequently, Deaton and Greenberg (1986) showed that drastic
changes in water chemistry occur at salinity of 2 and not in the
ranges attributed to the horohalinicum as defined by Kinne (1971).
Thus, Deaton and Greenberg (1986) concluded that it is the ability
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of aquatic animals to regulate osmotic pressure (rather than
changes in ionic composition) that explains the low species di-
versity in brackish waters.

Small numbers of marine and freshwater species occur
simultaneously in the saline transition zone of estuaries. In Eu-
ropean waters, these highly adaptable and widely distributed
species include, for instance, the polychaetes Hediste diversicolor,
Streblospio shrubsolii and the crustaceans Corophium volutator,
Lekanesphaera hookeri and Leptocheirus pilosus, among species of
marine origin, and the amphipod Gammarus chevreuxi and the
tubifid oligochaetes Limnodrilus hoffmeisteri, Tubifex tubifex and
Psammoryctides barbatus, among the freshwater tolerant species
(Attrill et al., 1996; Cognetti and Maltagliati, 2000; Quintino
et al., 2011). Furthermore, Attrill and Rundle (2002) proposed a
model that explains the low numbers of species found at the
boundaries of fresh and marine waters in the Thames estuary as
the result of the convergence of two ecoclines of river and ma-
rine origin.

Other changes related to physical and chemical processes have
been described in upper and inner locations of estuaries (Deaton
and Greenberg, 1986; McLusky et al., 1993; Telesh and
Khlebovich, 2010). Thus, changes in the ratios of the Caþ/Naþ and
Kþ/Naþ ions, the electrical properties of particles and the chemistry
of heavy metals are examples of physico-chemical processes that
occur in the transition zone between freshwater and seawater. The
most characteristic of the physical factors is the “turbidity
maximum” (TM) (Eisma, 1993). High concentrations of particulate
matter may lead to the formation of fluid mud over sediments (e.g.
Kirby and Parker, 1983) in relation to the TM. The processes that
occur towards the landward limit of the seawater intrusion are
quite complex and are influenced by river inflow, bottom
morphology, tidal currents and the tidal cycle (Attrill et al., 1996;
Dolgopolova and Isupova, 2010; Schoellhamer, 2001; Uncles and
Fig. 1. Map of the Tagus estuary showing the location of the
Stephens, 2010). This riverineemarine boundary is a challenging
environment for carrying out ecological studies.

In this study we investigated how the environmental conditions
affect macrobenthic assemblages in an estuarine saline boundary,
by focussing on several different aspects. First, we carried out a
manipulative experiment by modifying the pore water salinity in
intertidal soft sediments in the upper reaches of the Tagus estuary.
Second, because deposition of fluid mud occurred naturally during
the experimental period, we compared the composition of the as-
semblages before and after erosion of the fluid mud. Finally, we
compared the number of intertidal species and macrofaunal
abundance in different seasons in the experimental site, and we
also compared these variables in the experimental site and in
another location in the estuary.

2. Material and methods

2.1. Study site

The Tagus estuary is one of the largest European estuarine
systems and covers an area of approximately 325 km2. The estuary
is mesotidal and the tidal range is between 1 m at neap tides and
4 m at spring tides. The study site was located in an intertidal area
of the northern bank of the estuary, 4 km seawards from the head of
the estuary at Vila Franca de Xira (Fig. 1). This site was chosen for
study because of its salinity characteristics and because access was
granted to the shore through a private property. Additionally, the
shoreline adjacent to this private property, partly surrounded by a
fence, is generally avoided by local people and fishermen.

The experimental site is located at a saline border, ranging over
time from freshwater to mesohaline (saline fluctuations of two
orders of magnitude). The water column is very turbid at the site in
summer. The maximum concentration of suspended sediment (up
experimental site (Alverca) and the Rosario salt marsh.
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to 250 mg l�1) was measured in an estuarine area located about
5 km downstream of the study site (Portela and Neves, 1994). The
concentration of dissolved oxygen is usually higher than 5 mg l�1,
but lower levels sometimes occur in the mixing zone close to the
experimental site (Ferreira et al., 2007). The intertidal zone is
approximately 30 m wide during spring tides. Around three quar-
ters of the intertidal region is dominated by mud, and the
remaining area (in the upper intertidal zone) is mainly constituted
by coarse sand, stones and some ferric debris. The surrounding
vegetation in the supratidal zone is mainly dominated by Phrag-
mites sp. and Juncus sp.

2.2. Experimental design

Four experimental blocks were established in the intertidal zone
above the low water mark defined by the low neap tide in June
2011. Location of the experimental units below this lowwater mark
would prevent access to the experimental plots at some low tides
(because the experimental units would be under water at low
waters of neap tides). Each block comprised four plots (poly-
ethylene rings) to be assigned one of four treatments plus an
ambient level without polyethylene ring. Blocks were separated by
a distance of 20 m from each other, and plots within blocks were
separated by a distance of about 1 m from each other (Fig. 2). A
polyethylene ring of diameter 52 cm and height 15 cmwas inserted
8 cm deep in the sediment (thus 7 cm over the sediment) and
anchored with two diametrically opposed stainless steel bars of
diameter 2 mm. The presence of stones (rather than mud) made it
impossible to establish the plots further upwards in the intertidal
zone. The volume inside the plot from the sediment surface to the
plastic ring top was approximately 15 l. The last block established
seawards was approximately 100 m from a pier, which may have
affected the local hydrology. It must be stress that no effluents are
discharged or any industrial waste is dumped into the estuary from
the pier.

It is known that the overlying water salinity determines the
interstitial salinity, especially of silty sediments (Chapman, 1981).
Three different amounts of dry salt (NaCl) were added to alter the
salinity in each of the four plots (experimental units) within each
Fig. 2. Experimental set up showing the four block design with randomization of the treatm
shown in detail. MHWM: Mean High Water Mark; LWMET: Low Water Mark at Ebb Tide; M
block: 446 g, 268 g, 74 g and no salt added, corresponding to sa-
linities of 30, 18, 5 (when dissolved in 15 l of water) and ambient
salinity respectively. These salinities represent at least the border
between the euhalineepolyhaline (salinity 30), the polyhalinee
mesohaline (salinity 18) and the mesohalineeoligohaline (salinity
5) estuarine divisions (McLusky et al., 1993; Venice system, 1959).
An additional treatment level, which consisted of bare sediment
within the block without a plastic ring, was used to control for any
experimental artefacts (Underwood, 1997). It is important to note
that treatment T1 (plastic ring with no salt added) was considered
to control for experimental artefacts (Underwood, 1997). Treat-
ments were randomly attributed within blocks and designated as
follows: T0 for bare sediment, T1 for the experimental unit with
ambient salinity and T2 to T4 for treatments of increasing manip-
ulated salinity.

The experimental set up was functional between 1 July 2011 and
15 August 2011. Experimental conditions, i.e. the addition of salt to
each treatment, were maintained daily until 20 July; from this date
until the end of the experiment, the experimental conditions were
maintained every two days. Daily restoration of the experimental
conditions became increasingly difficult, especially at the week-
ends when access to the experimental site through the private
property was closed.

2.3. Sampling

Sampling in the experimental units took place between 16 and
18 August 2011, at low tide. We initially planned to carry out the
sampling during the first week of August, but the experimental
units were temporarily buried under the newly deposited fluid
mud (>7 cm thick). As the environmental conditions did not
improve after one week, we decided to proceed with the sampling
even under these adverse circumstances.

Sampling for macrofaunal organisms was carried out with a
corer of inner diameter 6.5 cm, inserted to a depth of 25 cm. Five
replicate samples were taken from each plot. A plastic ring was
used to define an equivalent area for sampling macrofaunal species
within the experimental block but outside any experimental plot
(level T0). The same methodology was adopted for additional
ent (from T0 to T4) in plots within each block located in the intertidal zone. Block 2 is
LWM: Mean Low Water Mark.
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sampling (see below). All samples were sieved through a 1 mm
mesh. The retained material was preserved in 70% ethanol.

After sampling for macrofaunal organisms, a sample of sedi-
ment was removed to assess the degree of hydration of the sedi-
ment and the organic matter content. Another sample was
removed to determine the salinity of the sediment pore water in
each treatment. A third sample was removed for determination of
the concentration of chlorophyll-a in the surface sediment. Sam-
pling for determination of sediment features was conducted within
each experimental plot (one replicate per plot; i.e. four replicates
per treatment).

Sampling was conducted on two further occasions. On the first
occasion (28 August 2011), macrofaunal organisms were sampled
outside the experimental units, but within each block in Alverca;
we proceeded with the sampling because the unconsolidated
sediment (fluid mud layer) was absent from the intertidal zone
some days after the first sampling. On the second occasion, samples
of macrofaunal organisms were collected in another estuarine site,
the Rosario salt marsh, and in the experimental site in Alverca
(Fig. 1) on 13 and 14 December 2012 respectively; this sampling
(five replicates in each of four blocks) was carried out at low tide to
enable comparison of the species richness and abundance in the
experimental site between summer and winter and between the
experimental site and another location in the estuary. The Rosario
salt marsh is outside the estuarine zone with high fluctuations in of
salinity and the turbidity is far from the maximum (Portela and
Neves, 1994), phenomena often described in central-to-upper
estuarine reaches (e.g. Kirby and Parker, 1983). December was
considered climatologically as a winter month.

Salinity was measured with a standard field probe (WTW 340i)
in the water column at different times of the tidal cycle in Alverca,
during six days (between 14 and 19 December 2012); the intersti-
tial salinity wasmeasured in the sameway in the Rosario salt marsh
(13 December 2012). The latter location is characterized by an
extensivemud flat that prevented us frommeasuring the salinity at
the low tide level.

2.4. Laboratory procedures

Benthic animals were sorted under a dissecting microscope and
identified to the lowest taxonomic level. The porosity of the sedi-
ment was estimated from the weight loss after drying wet sedi-
ment to a constant weight at 100 �C. Organic matter was
determined by loss of weight on ignition at 500 �C during 24 h in a
muffle furnace. The pore water salinity within the experimental
units was assessed after adding 50 ml of distilled water and mixing
for 24 h in approximately 800 g of sediment. Salinity was measured
in these samples with a standard field probe (WTW 340i). Photo-
synthetic pigments were extracted from the sediment with 5 ml of
90% acetone. Extracts were analysed spectrophotometrically, and
chlorophyll-a was estimated by the trichromatic equation of Jeffrey
and Humphrey (1975). Assessment of chlorophyll-a and phaeo-
pigments by the latter method suffices in studies where reflectance
is used as a comparative measure (Brotas et al., 2007).

2.5. Hypotheses and statistical analysis

The organisms that potentially responded to the experimental
conditions were assumed to havemoved from the nearby intertidal
zone close to the experimental site rather than to have migrated
from other estuarine farther locations. We tested three null
hypotheses:

i) No differences in the composition of the assemblages at
different experimental levels of salinity.
ii) No differences in the composition of the assemblages be-
tween eroded and deposited sediments.

iii) No differences in the composition of the assemblages within
the experimental area between summer and winter and
relative to another site in the estuary.

The hypotheses were tested by multivariate analysis executed
by the “adonis” function included in vegan package (Oksanen et al.,
2006) and run in the R environment (R Development Core Team,
2009). The method resembles traditional analysis of variance and
is based on summing square distances of any dissimilarity measure
(Oksanen, 2011); in this case, we used the Euclidean distance be-
tween the chi-square transformed raw data. The method, which is
similar to a PERMANOVA multivariate test (Anderson, 2001), has
the advantage of testing the hypothesis in a non-parametric
manner, through permutation, which enables relaxation of the
model assumptions for a valid test. The permutation strategy for
testing the null hypotheses enables an exact test or an approximate,
asymptotically exact test, in relation to the a priori significance
level (e.g. Anderson and Ter Braak, 2003). The approximated test is
carried out when e.g. there are too few possible permutations for a
valid test (Anderson and Ter Braak, 2003; Anderson and Robinson,
2001). The multivariate approach is recommended when there are
several zero entries in the datamatrix (Zuur et al., 2010).We fitted a
model with treatment and block as factors, with no interaction
between them. The model is therefore analogous to a univariate
additive effect model described elsewhere (Quinn and Keough,
2002). It allows the residual variation to be reduced and is there-
fore amore powerful test for treatments (Quinn and Keough, 2002).
The block factor was considered random and the permutation test
was carried out within levels of the random factor for calculation of
an exact test (Anderson and Ter Braak, 2003). The “F ratio” that we
provide is a Pseudo-F ratio calculated by a permutation test (see e.g.
Borcard et al., 2011). We tested hypotheses i) and ii) with this
model, and we tested hypothesis iii) with a one factor model with
two levels (summer and winter; site 1 and site 2). We used chi-
square distance as a dissimilarity measure (Legendre and
Legendre, 1998; ter Braak, 1987) in all cases. Additionally, because
a t-test was not applicable, we used a Wilcoxon’s signed-rank test
(Crawley, 2007) to test for differences in abundance between the
two sites and seasons.

The model associated with the first hypothesis was submitted to
ordination by Redundancy Analysis (RDA), after chi-square trans-
formation of the raw data (Legendre and Gallagher, 2001). This
method resembles Canonical Correspondence Analysis (CCA) in
which chi-square distance is preserved among objects (ter Braak,
1987). CCA is recommended when “rare species are well sampled
and are recognised as potential indicators of particular character-
istics” (Borcard et al., 2011). The effect of the blocks in the experi-
mental site was partialled out (Borcard et al., 2011; Oksanen, 2011)
to focus the analysis on the treatment effects. RDA can also be used
to test for the significance of the canonical axes (Borcard et al.,
2011).

Nonmetric multidimensional scaling (NMDS, using Euclidean
distance) was applied to the square root transformed data to
distinguish between the assemblages in the experimental site in
summer (with presence/absence of fluid mud), winter and in the
Rosario salt marsh. Abundance and species richness were also
analysed by NMDS ordination after square root transformation.
This transformation was used because the different ecological pa-
rameters represented by species abundance and species richness
would becomemeaningless the chi-square pre-transformation that
standardizes data simultaneously considering both row and col-
umn sums (Legendre and Gallagher, 2001). NMDS represents the
assemblages along a predetermined number of axes while
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preserving the ordering relationships (Borcard et al., 2011), which
was exploredwith the aim of indicating any environmental pattern.

Physico-chemical parameters were tested by one-way analysis
of variance with one replicate per block. Models were tested for
normality and heteroscedasticity by the ShapiroeWilk normality
test and the FlignereKilleen test, respectively (Crawley, 2007). All
statistical hypotheses were tested at the 0.05 significance level.
Results are shown numerically and graphically as
means � standard deviations (SD).
0

2

T0 T1 T2 T3 T4
Treatments

Fig. 3. Salinity measured in the sediment samples at representing each treatment
level.
3. Results

3.1. Environmental characterization during the experimental period

The variation in the environmental parameters considered be-
tween treatment levels of plots in different blocks was not signif-
icant, with the exception of salinity (Table 1). Sediments contained
large amounts of water and organic matter (mean of 94.39 � 0.95
and 11.66 � 0.32 percent respectively). The ANOVA revealed that
maintenance of the experimental conditions (salinity levels) did
not inhibit the activity of microphytobenthic algae or modify any of
the estimated environmental parameters, which were similar to
control values (T0). Salinity was successfully recreated at different
experimental conditions within plots (Fig. 3). All treatment levels
were significantly different (post-hoc test, p < 0.0325), except
treatments T0 and T1 (p ¼ 0.968).

The study site was subjected to large fluctuations in salinity. The
salinity measurements made between 23 June and 15 August are
shown in Fig. 4a. Two measurements taken at high tide (on 10 of
both July and August) coincided with high values of salinity,
especially in the first case (maximum in Fig. 4a). However, a value of
5.43 � 0.21 was observed at low tide on 24 July. Daily fluctuations
in salinity of up to one order of magnitude were recorded during
the sampling period, between 16 and 18 August (Fig. 4b).
3.2. Response of the assemblages to experimental and ambient
conditions

The total number of organisms observed in the experimental
units was 14 and comprised 6 different species (Table 2). Treatment
plots T1 and T2 each contained the maximum number of in-
dividuals and species (in both cases, 4) (Table 2). The polychaete
Hediste diversicolor was the most abundant species, occurring at all
treatments levels except T0, followed by S. shrubsolii, present at
treatment levels T1, T2 and T3. The multivariate test did not reveal
any significant differences between treatments (Table 3). However,
the results of the RDA ordination (Fig. 5) clearly discriminated be-
tween treatments. Furthermore, the overall RDA model was not
significant, but the first axis was significant (F1,93 ¼ 3.05, p ¼ 0.01),
suggesting the existence of an ‘experimental gradient’ related to
the environmental harshness (Fig. 5). Along this gradient, species
were mainly observed in the least saline treatments within the
plastic rings (T1eT2), whereas the control plots (T0) tended to
harbour fewer species, similar to the numbers observed in treat-
ments with higher pore water salinity (T3eT4). The first axis
Table 1
Results of the one-way ANOVA for the physico-chemical parameters measured at each t

Source of variation Parameter units Data transformation Treatmen

Chlorophyll-a mg g�1 None 1.81
Organic matter % None 35 � 10�

Hydration % Arcsine 34 � 10�

Salinity e Log 67.62
therefore distinguished between treatments with higher abun-
dance and species richness and those plots with almost no fauna.

The multivariate test on the composition of the assemblages in
the absence of fluid mud, compared against the species observed in
presence of the fluid mud (T0 units) was significant (F1,35 ¼ 1.96,
p ¼ 0.048) and attributable to differences in the composition of the
assemblages (see columns ASP and ASA at Table 4). The mean
number of individuals and species number per sample in the
presence and absence of the fluid mud (0.1 � 0.45 and 0.35 � 0.59,
respectively) were almost significantly different (Wilcoxon rank
test, W ¼ 247.5, p ¼ 0.054). The assemblage composition differed
significantly (in the absence of fluid mud) in the experimental site
between summer and winter (F1,35 ¼ 2.88, p ¼ 0.004), with sig-
nificant differences in abundance (2.20 � 2.2 mean number of in-
dividuals by sample in winter, W ¼ 346.5, p < 0.001) and species
richness (1.45 � 0.89 mean number of species by sample in winter,
W¼ 63.5, p< 0.001). Similarly, the composition of the assemblages
in Alverca and in the Rosario salt marsh in the winter, pooled by
blocks, differed significantly (F1,6 ¼ 10.16, p¼ 0.027). The difference
in the composition of the assemblages between Alverca and the
Rosario salt marsh was significant, even when the samples were
pooled over blocks. The mean abundance by block was significantly
higher in the Rosario salt marsh (510.25�124.06,W¼ 0, p¼ 0.029)
than in Alverca (11 � 3.56) as was the species richness (mean by
block of 8.75 � 1.5 and 3.75 � 1.71 in the Rosario salt marsh and in
Alverca respectively, W ¼ 0, p ¼ 0.029).

The total values for species abundance in Alverca in summer
(both in presence and absence of fluid mud) and in winter and also
in the Rosario salt marsh are summarised in Table 4. Species
abundance and richness increased from assemblages in the pres-
ence of fluid mud to its absence, from summer to winter in Alverca
and from the experimental site relative to the Rosario salt marsh. As
in the summer, high fluctuations in salinity were observed in
Alverca at low and high tide during consecutive tidal cycles in
winter (Fig. 6). No fluid mud was observed during the sampling
period inwinter. Furthermore, the water was obviously muchmore
transparent in winter than in summer. The water was so turbid in
summer that the bottomwas not visible at any depth, even close to
the water edge. The mean interstitial salinity in the Rosario salt
marsh was 26.43 � 0.29.
reatment level. Mean values (�SD) are provided in the last column.

t MS Residual MS F ratio Probability p Mean value

8.89 0.204 0.932 6.02 � 2.72
6 105 � 10�6 0.336 0.849 11.66 � 0.32
5 99 � 10�5 0.671 0.842 94.39 � 0.95

0.62 108.7 <0.001 8.45 � 3.84
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and high tide during consecutive tidal cycles in summer 2011.

Table 3
Result of the multivariate test for the experimental data.

Source of
variation

Degrees of
freedom

Mean squares F ratio Probability p

Blocks 3 0.0701 0.926 0.835
Treatment 4 0.0508 0.671 0.835
Residuals 92 0.0757
Total 99
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The ordination of the assemblages in Alverca and in the Rosario
salt marsh by NMDS is shown in Fig. 7, in which the distance be-
tween the assemblages indicates their different compositions. A
gradient related to the environmental harshness emerges when the
first axis is considered. The same pattern was obtained when the
NMDS was applied to the abundance and species richness as at-
tributes describing the same assemblages (Fig. 7b; Table 4).

4. Discussion

The present data obtained at the riverineemarine interface in
the Tagus estuary indicate that a small number of macrobenthic
species are able to inhabit the extreme environment that charac-
terized the study site in Alverca. These results are consistent with
previous reports of minimal numbers of species at the oligohaline/
mesohaline boundary (Fujii, 2007; Mouny et al., 1998; Nebra et al.,
2011). Although salinity has been postulated to be the major
physical stressor in relation to the osmoregulatory capabilities of
the organisms that colonize the upper reaches of estuaries, we have
identified another physical stressor for macrobenthic species
related to sediment dynamics in this boundary zone of the Tagus
estuary.
Table 2
Total number of species and total abundance by treatment and experimental blocks.
Species codes: Hediste diversicolor (Hed); Streblospio shrubsolii (Str); Corophium
multisetosum (Cor); Scrobicularia plana (Scr); Paragnathia formica (Par); Insects (Ins).

Blocks Treatments

T0 T1 T2 T3 T4

B1 Par, Ins Str Str 0 Par
B2 0 0 Hed Str Hed
B3 0 Scr 0 Hed 0
B4 0 Hed, Cor Hed, Cor 0 0
Species number 2 4 3 2 2
Abundance 2 4 4 2 2
4.1. Experimental outcomes

The appearance of fluid mud in the experimental site condi-
tioned the outcome of the experiment (Hypothesis 1). The presence
of fluid mud increased the environmental stress on the macro-
faunal species, which avoided this type of sediment (Hypothesis 2).
The experimental site in Alverca has intrinsic low species richness
and abundance expressed to a degree that depends on the pressure
exerted by the environment (Hypothesis 3).

Although we succeeded in creating different salinities in the
interstitial water of the experimental units, it was not possible to
clearly demonstrate the effect of salinity on the faunal composition.
However, the first axis of the RDA ordination (Fig. 5) discriminated
between experimental conditions that favoured the occurrence of
some species in relation to other experimental conditions in which
the response was the occurrence of almost zero species. Experi-
mental units with local salinity (T1) or with a slightly increased
salinity (T2) contained more species and individuals than the
higher salinity units (T3, T4) or control units (T0) (experimental
gradient; Fig. 5). It is possible that an experimental artefact
enhanced the occurrence of species within the microhabitat
created by the experimental units in lower or ambient salinity
treatments (in comparison with T0).

There are three possible reasons for the progressive absence of
individuals from plots of lower to higher salinity in the experi-
mental units: (1) the addition of increasingly larger amounts of salt
at different treatment levels may have stressed the species until the
dissolution of the salt within the plot, (2) the discrepancy between
Fig. 5. RDA triplot displaying the ordinations of the species observed under the
experimental conditions, constrained by treatment levels (arrows). Treatment re-
sponses are shown as centroids. Treatment levels were discriminated along the first
RDA axis that recreates an experimental gradient attributable to an increase in the
experimental (T1eT4) or natural environmental harshness (T0).



Table 4
Total abundance of each taxa belonging to the macrobenthic assemblage in Alverca
(A) and in the Rosario salt marsh (R). The assemblages sampled in the summer (S) or
in winter (W) with presence (P) or absence (A) of fluid mud are also shown for
Alverca. Total abundance and species richness of each assemblage is also provided.
Taxa are listed in accordance to their total abundance (last column).

Taxa ASP ASA AWA RW Totals

Hydrobia ulvae 1539 1539
Scrobicularia plana 2 434 436
Streblospio shrubsolii 3 32 35
Cerastoderma edule 30 30
Alkmaria romijni 14 14
Cyathura carinata 4 4 8
Hediste diversicolor 3 2 5
Tharyx marioni 5 5
Nephtys hombergii 4 4
Limnodrilus hoffmeisteri 1 2 3
Corophium multisetosum 1 2 3
Insecta und. 1 1 2
Venerupis decussata 2 2
Mya arenaria 2 2
Mysta picta 1 1
Pygospio elegans 1 1
Tetrastema sp. 1 1
Polydora ciliata 1 1
Autolytus sp. 1 1
Paragnathia formica 1 1
Abundance 2 7 44 2041 2094
Species richness 2 3 8 15 20
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the within plot pore water salinity and the salinity at the sediment-
water column interfacemay have prevented the presence of species
(Sanders et al., 1965), and (3) a combination of the last two
explanations.

Apart from the effect of salinity, the presence of fluid mud was
also a physical stressor that inhibited the occurrence of species in
these unconsolidated sediments. The effect associated with the
experimental plots suggests that sediment entrapped within the
plastic rings did not interact withmacrobenthic species in the same
way as the fluid mud in ambient sediment (treatment level T0).
Therefore, fluid mud appears to be highly unstable and mobile,
preventing the presence of macrofaunal individuals. Instability at
the sediment-water interface, generally related to the finest frac-
tion of the sediment, may induce lower diversity (Rhoads, 1974).
Thrush et al. (2003) also found that the highest contents of mud
were generally associated with minimum values of macrofaunal
density. Thus, the additional sampling conducted after erosion of
the fluid mud revealed that the species previously found within
experimental plots (mainly at T1eT2 units) were observed outside
the plots and in higher numbers (Hypothesis 2; Tables 2 and 4).
Fig. 6. Fluctuations in salinity measured in Alverca at low and high tide during
consecutive tidal cycles in winter 2012.
Furthermore, comparison between the assemblages sampled in the
absence of fluid mud in the summer and winter in Alverca reflected
an improvement of the environmental conditions, which was
probably caused by the seaward dislodgment of suspended parti-
cles by higher inflow of the rivers during winter (McLusky, 1993);
dislodgment of particles would also explain the greater trans-
parency of the water in Alverca during the winter sampling. Fluid
mud occurs as the result of the deposition of suspended materials,
and therefore there was a high concentration of suspended par-
ticulate matter in the water column near the TM (Eisma, 1993;
Portela and Neves, 1994), which could have direct (abrasion, clog-
ging of gills) or indirect effects (attenuation of light for micro-
phytobenthic species) on the macrofaunal assemblages inhabiting
the upper estuary. Attrill (2002) used the salinity range as a pre-
dictor for diversity, but suggested that although salinity is a good
predictor of diversity, it may not be the only causative factor.
Furthermore, comparison with the assemblages from the Rosario
salt marsh, where there were no saline fluctuations or high
turbidity (Portela and Neves, 1994), indicated that the assemblages
in Alverca reflected the intrinsic environmental characteristics of
the experimental site, which prevented higher species richness and
macrofaunal abundance (Hypothesis 3; Fig. 7). The sediments in the
Rosario salt marsh contain significantly higher levels of anthropo-
genic heavy metals than in the experimental site (Vale et al., 2008),
and therefore the findings cannot be explained by pollution. The
joint effect of both fluctuations in salinity and sediment dynamics
cause low diversity and abundance of meiofaunal species in oligo-
mesohaline areas in estuaries (Heip et al., 1985; Santos et al., 1996),
causal factors that also affect the presence of macrofaunal species in
the experimental site.

Remane’s model displays ‘species abundanceesalinity relations’
(Remane, 1934). The term ‘species abundance’, also used by Deaton
and Greenberg (1986), was used as synonymous of ‘species rich-
ness’ by the latter authors. Few studies have highlighted the coin-
cidence of the minimum of species with the minimum of species
abundance in transitional oligohaline waters in estuaries (Peterson
and Vayssieres, 2010; this study). It is usually accepted that natural
stress in estuaries favours a low diversity of benthic faunal com-
munities, which are often very abundant (Elliott and Quintino,
2007). However, in contrast to species richness or diversity, mac-
rofaunal abundance has not been clearly documented or described
in relation to transitional waters or the Artenminimum concept
(Attrill, 2002; Attrill and Rundle, 2002; Whitfield et al., 2012),
although it is implicit in some studies (e.g. Rundle et al., 1998). It
would be interesting to clarify whether some species thrive in the
Artenminimum zone or if the minimum number of species corre-
spond to a minimum in macrofaunal abundance. Elliott and
Whitfield (2011) included as part of the estuarine paradigm the
idea that in oligohaline regions “tolerant organisms thrive but non-
tolerant organisms are absent”. However, our data suggest that
highly natural stressful conditions in transitional waters may
compromise both species richness and abundance. Analogously,
the Habitat Harshness Hypothesis (Defeo et al., 2003) postulates
that in reflective beaches, organisms expend more energy in
maintenance because they inhabit a harsh environment, resulting
in lower fecundity and higher mortality. The Habitat Harshness
Hypothesis also predicts lower species diversity (community level)
and abundance (population level) under increased physical stress
(Defeo and McLachlan, 2005; Fig. 7).

4.2. Additional considerations

The low species richness is consistent with the model of Attrill
(2002) in relation to the high fluctuations in salinity at the exper-
imental site. Salinity fluctuations occurred both over time and



Fig. 7. NMDS plots showing the ordination of the assemblages, a) based on the species data matrix, b) considering the attributes abundance and species richness for each
assemblage. The first NMDS axis indicates an increasing in the environmental harshness, displaying the following gradient: Alverca Summer Fluid Mud Present (ASP) > Alverca
Summer Fluid Mud Absence (ASA) > Alverca Winter Fluid Mud Absence (AWA) > Rosario Salt Marsh Winter (RW).
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within a daily tidal cycle (Figs. 4 and 6). The extreme environmental
conditions imposed by salinity fluctuations and sediment dynamics
suggest that the experimental site resembled an ecotone rather
than an ecocline. An ecotone is an area of relatively rapid change,
producing a narrow ecological zone between two different and
relatively homogeneous community types, as set out by Attrill and
Rundle (2002). Thus, an ecotonal region is compatible with the
concept of Artenminimum proposed by Remane (1934). This narrow
ecotonal region might be ecologically interpreted as the zone
where there is a switch of dominance between the biological gra-
dients considered in the two-ecocline model (Attrill and Rundle,
2002).

The ecotonal region in the experimental site was characterized
by the polychaetes Hediste diversicolor, S. shrubsolii and to some
extent by the amphipod Corophium multisetosum. It appears that
these species or individuals of these genera are able to tolerate
environmental conditions that other infaunal species are not
adapted to cope with. For instance, H. diversicolor and C. volutator
plus oligochaetes occurred towards the oligohaline zone of the
Schelde and Ems estuaries (Ysebaert et al., 1998). Core samples
revealed that C. multisetosum and S. shrubsolii dominated the as-
semblages in a zone of Ria de Aveiro (Portugal) with mean salinity
of 2.4 psu (Quintino et al., 2011). The occurrence of H. diversicolor, S.
shrubsolii and Corophium orientalewas reported in aMediterranean
coastal lagoon of very low salinity (Mogias and Kevrekidis, 2005).
Cognetti and Maltagliati (2000) reported that H. diversicolor, S.
shrubsolii and C. volutator are among the species of marine origin
usually found in transitional waters of salinity of about 5.

The occurrence of one specimen of Oligochaeta suggests that the
species of these taxa are not as well adapted to cope with the
environmental stress as that observed in Alverca. Accordingly, Seys
et al. (1999) reported minimal density, biomass and species rich-
ness of oligochaetes in a section of the Schelde estuary (Belgium)
with similar salinity fluctuation, very silty sediments and high
environmental stress, as described here. McLusky et al. (1993) also
reported minimal densities of oligochaetes at salinities of approx-
imately 5 in the Forth estuary, Scotland. Oglesby (1969) suggested
that, in intertidal worms, regular salinity fluctuations would be a
major constraint to reaching osmotic equilibriumwith the external
medium.
Finally, sampling in the Rosario salt marsh was not necessary to
reach the main conclusion. However, this additional sampling
confirmed that the major results (low number of macrofauna and
low species richness at the saline frontier) were not a sampling or
methodological artefact, but intrinsic ecological features of the
experimental site. Moreover, the use of a 0.5 mm mesh size for
sampling (rather than the 1 mm used here) might have increased
the number of species and abundance observed at the experimental
site, thus masking the effect of the environmental stress observed
in this estuarine zone.
5. Conclusions

The fluctuations in salinity at the freshwater/oligohaline/mes-
ohaline boundary identified in the intertidal zone of the experi-
mental site were accompanied by the presence/absence of fluid
mud. The joint effect of salinity fluctuations and presence of fluid
mud was more stressful to macrofaunal species than saline fluc-
tuations alone. Only a few non abundant species were able to cope
with the adverse environmental conditions observed in the
experimental site (extreme situations observed in summer: saline
fluctuations of two orders of magnitude; presence of a fluid mud
with more than 7 cm in thickness). The minimum macrofaunal
species richness expected in the estuarine freshwater/oligohaline
zone (Attrill, 2002; Remane, 1934) requires additional clarification
to determine whether it corresponds to a minimal macrofaunal
abundance as a general common trend in this specific estuarine
zone.
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