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Abstract Ecological restoration of salt marshes using planta-
tions may enhance the macroinvertebrate community, but little
is known about the development of benthic macroinvertebrates
after ecological engineering projects in European salt marshes.
This study analyzed the environment and the macroinvertebrate
community in European salt marshes 3 years after restoration
using Spartina maritima plantations in comparison with non-
restored and preserved marshes in Odiel Marshes (Southwest
Iberian Peninsula). We hypothesized that planting Spartina
maritima on intertidal mudflats would increase species rich-
ness and diversity (Shannon—Weaver index) of the benthic
macroinvertebrate community by increasing environmental
heterogeneity, providing feeding resources and improving sed-
iments characteristics. Benthic macrofauna samples (composed
mainly of annelids, crustaceans, and mollusks) were sampled in
plots of 20 cm*25 cm to 5 cm depth between +1.8 and +3.0 m
above Spanish Hydrographic Zero. Sediment organic matter
content, bulk density, pH, and redox potential were the vari-
ables that best explained macroinvertebrate distribution. Re-
stored marshes achieved similar diversity and even higher
specific richness than preserved marshes, although with differ-
ences in species composition. Non-restored marshes showed
the lowest diversity. Restored and preserved marshes did not
differ in total abundance or biomass of macroinvertebrates,
both being higher than in non-restored marshes. The
macroinvertebrate communities in preserved and non-restored
marshes showed the largest difference in taxa composition,
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with restored marshes occupying an intermediate position. Salt
marsh restoration using S. maritima increased the complexity
(ecological diversity and species richness) and abundance of
the benthic macroinvertebrate community. Our study offers
new information about the role of salt marsh plants in mediat-
ing faunal communities via ecological engineering projects.

Keywords Below-ground biomass - Disturbance - Ecological
diversity - Odiel Marshes - Organic matter content - Spartina
densiflora

Introduction

Salt marshes are vitally important ecosystems that carry out
many different economic, social and ecological functions
(Silliman et al. 2009). Nevertheless, salt marshes are among
the most impacted ecosystems in the world (Gedan et al. 2009)
with their ecological restoration being very important to replace
ecological functions and values lost when natural wetlands are
degraded or destroyed (Zedler and Kercher 2005; Mitsch
2010). In this sense, monitoring the progression of marsh
restoration projects is a key part of improving restoration
practices (Konisky et al. 2006). Therefore, environmental mon-
itoring of restored or created coastal wetlands has increased in
recent years (e.g., Fell et al. 1991; Dionne et al. 1998; Gallego-
Fernandez and Garcia-Novo 2007; Zedler et al. 2008).
Ecological restoration of salt marshes using plantations
may enhance the macroinvertebrate community providing
vegetated areas with a wide range of microhabitats that may
increase the diversity of macroinvertebrates (Netto and Lana
1997; Warren et al. 2002). Thus, the study of benthic inverte-
brates is used to assess ecosystem development following salt
marsh restoration, which has been studied mainly in Spartina
alterniflora Loisel and Spartina foliosa Trin. North American
salt marshes (Peck et al. 1994; Sacco et al. 1994; Levin and
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Talley 1996; Levin and Talley 2000; Zedler and Lindig-
Cisneros 2002; Levin and Talley 2002; Swamy et al. 2002;
Craft and Sacco 2003). For example, Sacco et al. (1994)
showed that natural S. alterniflora salt marshes had similar
component organisms and proportions of trophic groups than
restored marshes, but total density and densities within trophic
groups were lower in the artificially established marshes
planted with S. alterniflora, ranged in age from 1 to 17 years.
Thus, the re-establishment of certain animal populations fol-
lowing the opening of marshes to tidal flow depends on the
species (Warren et al. 2002). Levin and Talley (2000) hypoth-
esized that environmental variables such as marsh age, eleva-
tion and salinity act over large space and time scales influenc-
ing the presence or absence of species whereas sediment
properties and vegetation presence or type act on intermediate
scales affecting macrofaunal abundance and composition. In
this sense, it has been described that macroinvertebrate com-
munities can be negatively affected by invasive halophytes
(Levin et al. 2006; Zhou et al. 2009; Tang and Kristensen
2010), which can colonize salt marshes just after restoration
(D’ Antonio and Meyerson 2002). In addition, we should take
into account that is inappropriate to assume, for natural and
restored ecosystems, that equivalent structures means equiva-
lent functions (Zedler and Lindig-Cisneros 2002).

In Europe, Spartina townsendii H. & J. Groves and Spar-
tina anglica Hubb. have been transplanted extensively to help
stabilize sediments, reduce wave erosion, and reclaim land for
agriculture (Verhoeven 1938; Ranwell 1967; Bakker et al.
2002; Paramor and Hughes 2007). Castillo and Figueroa
(2009) represent the first published description that we are
aware of an ecological engineering project through plantation
of small cordgrass, Spartina maritima (Curtis) Fernald. How-
ever, along the East Atlantic Coast, benthic assemblages of
salt marshes have rarely been studied (Salgado et al. 2007).
Thus, the development of benthic macroinvertebrate commu-
nity after ecological engineering projects in European salt
marshes using S. maritima is unknown.

Our study aimed to test the hypothesis that planting S.
maritima on intertidal mudflats would increase species rich-
ness and diversity of the benthic macroinvertebrate community
(composed mainly of annelids, crustaceans and mollusks). This
was tested by recording sediment characteristics (below-
ground plant biomass, elevation, redox potential, pH,
electrical conductivity, organic content, bulk density, and
water content) and the macroinvertebrate community in re-
stored marshes using S. maritima 3 years after planting
(Castillo and Figueroa 2009) in comparison with non-restored
and preserved marshes in Odiel Marshes (Southwest Iberian
Peninsula). We sampled a wide set of sediment characteristics
in order to clarify which of them influenced mainly the
macroinvertebrate community. Non-restored marshes were
similar to restored marshes prior to restoration, being invaded
by the South American neophyte Spartina densiflora Brongn.

@ Springer

and suffering high erosion rates, and preserved marshes
reproduced the typical low salt marsh zonation being dominat-
ed by S. maritima and Zostera noltii Hornem. Comparisons
between restored, non-restored and reference preserved
marshes have proven to be an appropriate methodology to
assess the success of restoration projects, allowing to determine
the maturity and evolution of the restored ecosystem (Rodney
and Paynter 2006; Armitage et al. 2007). Besides, our study
provides scientific data on the macroinvertebrate community of
the Odiel Marshes, where it has not been well studied
(Sanchez-Moyano and Garcia-Asencio 2010, Sanchez-
Moyano et al. 2010), and broadly, it offers new information
about the role of halophytes in mediating faunal communities
via ecological engineering projects.

Materials and Methods
Study Site

Our study was carried out in the Odiel Marshes on the Atlantic
coast of the Southwest Iberian Peninsula (37°15'-37°37" N,
6°57'—6°58" W). The semidiurnal tides have a mean range of
2.10 m and a mean spring tidal range of 2.97 m, representing
0.40-3.37 m above Spanish Hydrographic Zero (SHZ). Mean
sea level is +1.85 m relative to SHZ. The Odiel Marshes are a
significant wetland ecosystem recognized for their global
significance with designations as a UNESCO Biosphere Re-
serve and the Ramsar Convention on Wetlands. The vegeta-
tion, physiography and climate have been described by
Castellanos et al. (1994). Specifically, the benthic
macroinvertebrate community was recorded in three low salt
marsh areas:

(1) Restored salt marshes (RM) located next to the Chemical
Pole and the city of Huelva, on the left bank of the
“Canal del Padre Santo”, the main channel of the estuary.
Before the installation of an industrial site in the 1960s,
these marshes were used by Huelva citizens as a recrea-
tional area, originally occupied by multiple S. maritima
tussocks. Native vegetation was disappearing due to high
erosion rates together with direct habitat destruction due
to infrastructure construction, leading to the invasion of
the South American neophyte S. densiflora that occu-
pied 2.01 ha. The presence of native vegetation in the
low marshes was restricted to one stand of S. maritima
0f 6,026 m” and isolated clumps of Sarcocornia perennis
(Miller) A. J. Scott., Sarcocornia perennis X fruticosa
(Figueroa et al. 2003), Atriplex portulacoides L., and the
annual Salicornia ramosissima J. Woods. A degraded
landscape dominated by unvegetated mudflats and grow-
ing patches of S. densiflora was the most obvious con-
sequences of environmental degradation. These marshes
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were restored from November 2006 to January 2007
with plantations of S. maritima (current relative cover
62+6 % in Spartina prairies) and S. perennis (isolated
individuals) after the invasive S. densiflora was elimi-
nated manually from 2.00 ha around the site (Castillo and
Figueroa 2009).

(2) Adjacent non-restored salt marshes (NRM) invaded by
S densiflora (relative cover ca. 20 %), with high erosion
rates (Castillo et al. 2000; Curado et al. 2012) and old
and isolated S. maritima tussocks. These marshes were
similar to RM prior to restoration. The colonization by S.
maritima was restricted probably due to its dispersion
limitation since this cordgrass have usually failed to
reproduce sexually (Cooper 1993; Castellanos et al.
1998).

(3) Preserved salt marshes (PM) dominated by S. maritima
(ca. 50 %) and Z. noltii (ca. 10 %) with S. perennis at the
higher elevations. Every S. maritima population at chan-
nel edges in the Odiel Marshes have disappeared or have
been degraded due to a combination of different anthro-
pogenic impacts, erosion and the S. maritima dispersal
limitation cited above. Thus, we decided to compare RM
with both NRM and PM, since every preserved marsh
area we found had no the same physiography than RM.
RM and NRM were a combination of successional
marshes (sites with a sediment dynamic dominated by
accretion that favored succession development) and non-
successional marshes (sites with a stabilized sediment
dynamic and very slow or none succession develop-
ment), being both on intertidal plains with very similar
marsh physiography and located at opposite banks in the
main channel of the estuary. PM were successional
marshes located at a coastal lagoon presenting the typical
native vegetation zonation at low marshes in Southwest
Iberian Peninsula (Fig. 1). Sediment dynamic, the avian
community and vegetation for the three studied areas
have been described by Curado etal. (2012, 2013, 2014).

Macroinvertebrates Sampling and Laboratory Analysis

The sampling was conducted during September-October 2009
(September: mean temperature, 23.7 °C; number of daylight
hours=8.2 h dayfl; October: mean temperature, 21.7 °C;
number of daylight hours=8.0 h day '; INE 2009). Benthic
macrofauna samples to 5 cm depth were collected by hand
using a shovel and a handsaw to cut roots and rhizomes in
plots of 20 cmx25 c¢m (0.05 m?). Samples (plots) were col-
lected every 20 m along transects orthogonal to the tidal line
between +1.8 and +3.0 m above SHZ (9 transects and 26 plots
in RM, 9 transects and 17 plots in NRM, and 6 transects and
15 plots in PM). Then, transects were considered replicates
within the same marsh type (factor).

Once in the laboratory, sediment samples were sieved (1-
mm mesh) very carefully, fixed with 70 % ethanol and stained
with Rose Bengal. Macroinvertebrates were separated and
cleaned carefully, and analyzed under a Leica binocular mag-
nifying glass (model WildM3C). Samples were stored in 70 %
alcohol until proceeding with the identification of the speci-
mens and quantification of their biomass. To record biomass,
samples were dried to constant dry weight (DW) at 80 °C
during 48 h. Ash-free dry weight (AFDW) was recorded, by
the loss-on-ignition method after 4 h at 500 °C (10 h for those
species with shells, following Garnerd and Thomas (1987)
and modified by Pagola-Carte et al. (2002)), to know the
organic weight of the sample once the inorganic weight (ex.
coriaceous tubes and shells) has been removed.

Environmental Variables

Below-ground plant biomass in macroinvertebrate samples
was separated carefully, cleaned with tap water and dried for
48 h at 80 °C until they reached a constant weight. Elevation
relative to SHZ, sediment redox potential, interstitial water pH
and electrical conductivity, sediment organic and water con-
tents and sediment bulk density were recorded between 0 and
5 cm deep in the area adjacent to every macroinvertebrate plot.
Elevation was surveyed in situ to a resolution of 2 cm with a
Leica NA 820 theodolite (Singapore); reference points were
determined in relation to measurements of tidal extremes
(Ranwell et al. 1964). Sediment redox potential was deter-
mined in the field with a portable meter and a macroelectrode
system (Crison pH/mV p-506) that was inserted directly into
the sediment to avoid sediment oxygenation. Every sample
was the mean of three sub-samples. pH (pH/redox Crison with
the electrode M-506) and electrical conductivity as an esti-
mation of sediment salinity (conductivity meter, Crison-522)
were recorded in the laboratory after adding distilled water to
the sediment with 1:1, v/v, and 1:2, v/v, respectively. Sedi-
ment organic content was analyzed in triplicate sub-samples
by the loss-on-ignition method after 4 h at 450 °C. Sediment
bulk density was recorded by weighing the sediments collect-
ed in cylindrical cores of 5x5 cm after drying them at 80 °C
during 48 h (DW). Sediment water content (%) was recorded
as the difference between fresh and dry weights of ca. 100—
150 g samples.

Macroinvertebrate Community

Fauna was sorted, identified to the lowest possible taxon and
counted. Some unidentified taxa within polychaetes, called sp.
1 and sp. 2, were included in the inventory. The samples of
each transect were grouped for analyses. The structure of the
benthic community at each site was calculated in terms of total
number of species (Sial), Mean species number per sample
(Siean), mean number of individuals per sample (Nyean),

@ Springer
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Fig. 1 Sketch map of the Odiel Marshes, showing the sampling points: /-9 restored marshes, /0—/8 non-restored marshes, and /9—-24 preserved marshes

species abundance (ind. m?), total abundance (ind. m ),
species biomass (g m ), and total biomass (g m 2). Ecological
diversity was calculated following the Shannon-Weaver index
(H’; Shannon and Weaver 1949). We also calculated maxi-
mum diversity (H,.x), evenness (J), and the Simpson index of
dominance (D; Simpson 1949) using the PRIMER 5.2.8 soft-
ware package (PRIMER-E ltd).

Statistical Analysis

Deviations were calculated as the standard error of the
mean (SEM). Pearson correlation coefficient for normal
data and Spearman coefficient for non-normal data were
used to analyze relationships between environmental vari-
ables and macroinvertebrate abundance and biomass. En-
vironmental variables were compared between marsh areas
by one-way ANOVA or Kruskal-Wallis test. B-Tukey or
Mann—Whitney U test was used as post hoc analysis. These
statistical tests were performed using SPSS 17.0 (SPSS Inc.,
Chicago, IL).

ABC (Abundance Biomass Comparison) curves are a
graphical representation of both cumulative percentage of
abundances and biomass and it was employed to detect com-
munity perturbation (Warwick 1986). The W statistic, which

@ Springer

was performed from the ABC curves of the different marshes,
was calculated according to Clarke (1990). This index is
scaled so that complete biomass dominance and an even
abundance distribution gives a value of +1 and the reverse
case a value of —1. MDS (non-metric multidimensional
scaling) is based on the Bray-Curtis similarity matrix,
establishing affinities between sampled areas and taxa abun-
dance. Taxa abundance data were standardized using the
fourth root. We verified the validity of the analysis using the
Kruskal stress coefficient. After testing the homogeneity of
dispersion (PERMDISP), a one-way PERMANOVA was
performed on the Bray-Curtis similarity matrix to test the null
hypothesis of no significant spatial differences between sam-
pled areas. Following Anderson et al. (2008), a posteriori
pairwise comparisons with the PERMANOVA ¢ statistic were
performed. It was run in order to provide significant values for
MDS and SIMPER analyses. Based on the similarity matrix
obtained from the Bray—Curtis index, SIMPER (percentage of
similarity analysis) was used to calculate the contribution of
each taxon to the dissimilarity between groups of stations
(Clarke 1993). We use PCA (Principal Components Analysis)
to examine the influence of environmental variables in the
studied stations, and BIOENV analysis to compare the rank
similarity matrix of species abundance with the abiotic
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Table 1 Elevation above Spanish Hydrographic Zero (m), sediment
redox potential (mV), sediment electrical conductivity (mS cm "), sedi-
ment organic content (%), sediment pH, sediment water content (%),

sediment bulk density (g cm ), and below-ground biomass (BGB, g m™?)
in the first 5 cm deep in three low marsh areas in the Odiel Marshes

Environmental variables Restored marshes

Non-restored marshes Preserved marshes

Mean+SEM Max—min Mean+SEM Max—min Mean+SEM Max—min
Elevation 2.42+0.08* 3.15/1.77 2.58+0.08" 3.39/2.22 2.57+0.05* 3.05/2.29
Redox potential 24+17% 164/-117 23+20* 193/-81 —86=15° 37/-155
Conductivity 16.3+1.5%® 35.5/8.3 17.5+0.5% 21.1/12.7 15.4+0.4° 18.0/12.4
Organic matter content 5.0+0.66" 13.1/0.3 11.4£0.6° 16.7/8.1 4.6+0.3* 6.9/2.7
pH 7.1+0.0* 7.9/6.6 7.2+0.1% 8.0/6.8 7.4+0.0° 7.7/7.3
Water content 44£3% 70/22 51+1° 58/43 36+1° 45/27
Bulk density 0.8+0.1% 1.4/0.2 0.7+0.0° 0.9/0.6 1.1£0.0° 1.3/0.8
Spartina maritima BGB 177+46% 451/37 8+8° 71/0 73217 174/28
Spartina densiflora BGB 0+0* 0/0 16+6° 41/0 0+0* 0/0
Sarcocornia perennis BGB 154+51° 375/0 85+34° 240/0 0+0° 0/0
Zostera noltii BGB 0+0? 0/0 0+0* 0/0 16+6° 33/0

Different letters indicate significant differences between marshes for the same environmental variable (N=15-26). Mean+standard error mean and

maximum and minimum values are presented

variables (Clarke and Ainsworth 1993). These analyses were
carried out using the software package PRIMER 5.2.8.

Table 2 Significant differences (ANOVA or Kruskal-Wallis test) be-
tween restored, non-restored, and preserved salt marshes for environmen-
tal variables and macroinvertebrate community characteristics in the
Odiel Marshes (Southwest Iberian Peninsula)

Environmental variables F H P df
Redox potential 17.978  ***
Conductivity 10.198  **
Organic matter content 29.608  *F**

pH 9.535 *xk 57
Water content 17.175 **¥* 2
Bulk density 16.850  ***
Spartina maritima below-ground biomass 15213 ***
Community structure

Sinean 7.440 ** 58
Ninean 6.628 * 2
Cyathura carinata abundance 9.052 ** 23
Hediste diversicolor abundance 11.835 ** 2
Total macroinvertebrate abundance 4.660 * 23
Macroinvertebrate community biomass 8.728 % 2
Ash-free dry biomass 6219 * 2
H 5.035 * 2
Hinax 6354 * 2

Abbreviations: S,,.,, mean species richness per sample, N,,.,, mean
individuals number per sample, /” Shannon—Weaver ecological diversity
index, H ,,,, maximum ecological diversity

£p<0.05; **p<0.01; ***p<0.001

Results
Environmental Variables

Elevation above SHZ did not differ between marsh areas
(ANOVA, p>0.05). PM (preserved marshes) showed lower
sediment redox potential, lower conductivity and higher pH than
RM (restored marshes) and NRM (non-restored marshes). Or-
ganic matter content was the highest in NRM (Tables 1 and 2).
Sediment water content was lower in PM than in NRM (U test=

T4
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— FaN
ARM
¥ NEM Fay
m PM
2+ Redox potential (eh) &

PC2 (18.3%)
T

Organic matter content
24 ] |

Z noltii BGB m

I t t
0
PC1 (35.7%)

Fig. 2 PCA analysis plot for all transects from environmental variables
within sediments. The percentage of variability explained by the two
principal axes is given and vectors representing the most significant
(r>0.350) sediment characteristics are shown. RM restored marshes,
NRM non-restored marshes, PM preserved marshes

1
=

i

(¥ ]
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Table 3 Mean=SEM (#=6-9 transects) of abundance (ind. m2), dry biomass (DW), and ash-free dry biomass (AFDW; g m2) of all observed
macroinvertebrate taxa in three marsh areas in the Odiel Marshes (Southwest Iberian Peninsula)

Restored marshes Non-restored marshes Preserved marshes

Abundance DW AFDW Abundance DW AFDW Abundance DW AFDW
Annelida
Polychaeta
Alkmaria romijni 0+0 - - 0+0 - - 48+37 0.006+0.003  0.002+0.002
Capitella capitata 106+46 0.004+£0.001  0.004+0.001 0+0 - - 30+12 0.015+0.008  0.010+0.005
Hediste diversicolor 126+38 0.964+0.247 0.865+0.230 40+4 0.227+£0.027 0.207+0.074 443 0.008+0.007  0.006+0.006
Melinna palmata 0+0 - - 0+0 - - 242 0.001£0.001  0.001+0.001
Nephtys hombergii 2+1 0.001£0.001  0.000+£0.000 0+0 - - 1349 0.020+£0.011  0.010+0.007
Polychaete sp.1 1+1 0.009+£0.009 0.003+0.003 0+0 - - 0+0 - -
Polychaete sp.2 0+0 - - 0+0 - - 242 0.002+0.001  0.001+0.001
Scolelepis cantabra cf. 9+5 0.001+0.001  0.001+0.001 0+0* - - 040 - -
Oligochaeta 50+38 0.001+0.001  0.001+0.001 134428 0.005+0.001  0.004+0.003 0+0 - -
Arachnida
Araneae 0+0 - - 1+0 0.001+£0.000  0.001+0.000 0+0 - -
Acarina 3+£2 0.000+£0.000  0.000+0.000 0+0 - - 0=+0 - -
Bryozoa
Bugula neritina 0+0 - - 0+0 - - 1£1 0.022+0.019  0.006+0.006
Collembola
Collembola 442 0.000+£0.000  0.000+0.000 1+0 0.000+£0.000  0.000+0.000 9+5 0.001£0.000  0.000+0.000
Anurida maritima 0+0* - - 1+0 0.000+£0.000  0.000+0.000 0+0 - -
Crustacea
Isopoda
Eurydice affinis 1£1 0.000+£0.000  0.000+£0.000 49+11 0.009+0.002  0.006+0.003  0+0 - -
Lekanesphaera hookeri 14+3 0.034+£0.004 0.016+0.002 742 0.021£0.007  0.008+0.007 9+3 0.022+0.013  0.006+0.005
Cyathura carinata 449+68 0.105+0.015 0.060+0.008 167+12 0.038+0.004 0.027+£0.009 522+89 0.377+£0.064 0.184+0.037
Paragnathia formica 16x16 0.003+£0.003  0.003+0.003 81+£19 0.023+£0.006 0.020+£0.015 32+28 0.009+0.007  0.006+0.006
Decapoda
Juvenile decapoda 3£2 0.000£0.000  0.000+0.000 0+0 - - 0£0 - -
Carcinus maenas 7+3 0.354+0.246  0.143+£0.099 1+0 0.009+£0.003  0.004+0.004 6+4 0.218+0.046  0.070+0.056
Uca tangeri 2+1 0.044+0.035 0.019+0.016 3+1 0.006+0.003  0.005+0.005 2+2 0.069+0.057  0.025+0.025
Palaemonidae 1+1 0.000+£0.000  0.000+0.000 0+0 - - 0+0 - -
Amphipoda
Melita palmata 10+7 0.003+£0.002  0.002+0.002 0+0 - - 5+3 0.003+0.002  0.001+0.001
Orchestia stephenseni 0+0 - - 1+0 0.001+£0.000  0.000+0.000 0+0 - -
Corophium multisetosum 0+0 - - 0+0 - - 37+16 0.017+£0.007  0.010+0.005
Cirripedia
Balanus sp. 5+3 0.009+£0.006  0.002+0.001  7+1 0.046+£0.014 0.001+£0.001 6+3 0.061£0.039  0.005+0.003
Insecta
Diptera
Dolichopodidae 40+14 0.011+£0.005 0.010+0.004 29+2 0.008+0.001  0.005+0.002 45+14 0.014+0.004  0.007+0.003
Diptera larva 1+1 0.000+0.000  0.000+£0.000 7+1 0.000+£0.000  0.000+0.000 0+0 - -
Chironomus sp. 48+18 0.001+£0.000 0.000+0.000 0+0* - - 0+0%* - -
Hemiptera
Hemiptero Sord. homoptero 4+4 0.000+£0.000  0,00+0,00 0+0 - - 0+0 - -
Cicadellidae 242 0.000+£0.000  0,00+0,00 0+0 - - 0+0 - -
Mollusca
Opisthobranchia 3+3 0.000+£0.000  0.000+0.000 0+0 - - 0+0 - -
Bivalvia -
Abra tenuis 0+0 - - 0+0 - - 79+14 0.203+£0.050  0.022+0.019
Cerastoderma edule 3+1 0.002+0.001  0.000+0.000 3+1 0.008+0.002  0.001+0.000 2+2 0.306+0.248 0.018+0.016
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Table 3 (continued)

Restored marshes

Non-restored marshes

Preserved marshes

Abundance DW AFDW Abundance DW AFDW Abundance DW AFDW
Gastropoda
Hydrobia ulvae 0+0 - - 0+0 - - 5+£5 0.015+0.013  0.001+0.001
Nemertea 0+0 - - 0+0 - - 3+2 0.004+0.002  0.002+0.001
Phoronidea 0+0 - - 0+0 - - 73+49 0.459+0.258  0.025+0.019
Total 910+121*  1.546+0.456° 1.133+£0.278* 532+95°  0.402+0.034° 0.291+0.079° 935+90°  1.855+0.621* 0.419+0.103%

Values with the symbol (—) means absent. Scolelepis cantabra cf. (cf. = to confirm). The asterisk indicates that the species was present in the area with an

abundance <0.01 ind. m™ . Different letters indicate significant differences between marshes

2.000, p<0.001) and similar to RM, while sediment bulk den-
sity was the highest in PM (Tables 1 and 2).

Below-ground biomass of S. maritima was the lowest in
NRM, showing similar values in RM and PM. S. densiflora
was only sampled in NRM and Z. noltii in PM. S. perennis
below-ground biomass was not recorded in PM and it was
similar in RM and NRM (U test, p>0.05; Tables 1 and 2).

The variance explained by the two principal axes of PCA
analysis was 54.0 % (eigenvalues 3.93 and 2.01, respectively).
The principal axis discriminated transects mainly for sediment
water content (—0.461), sediment bulk density (—0.458), sed-
iment organic matter content (—0.408) and pH (+0.370), as
stated by their eigenvectors. The second axis was mainly
influenced by sediment redox potential (+0.514) and by spe-
cific below-ground biomass (S. maritima (+0.376), Z. noltii
(=0.375), and S. perennis (+0.349); Fig. 2).

Macroinvertebrate Community

Thirty-seven species were recorded in all sampled marshes.
PM had 8 species that were not present in the other areas, RM
had 6 exclusive species and NRM had only 2 exclusive
species. Generally, all exclusive species were recorded in
low abundances, except for the phylum Phoronidea, the
bivalve Abra tenuis, the polychaete Alkmaria romijni and
the crustacean Corophium multisetosum that were abundant
in PM (Table 3). MDS analysis clearly separated PM and
NRM according to their species composition, while RM
appeared in intermediate position (Fig. 3). In this sense,
oneway PERMANOVA analysis showed significant differ-
ences between areas (Pseudo-F=7.051, p <0.001). The pair-
wise tests showed significant differences in all cases (RM-
NRM: ¢=2.53, p<0.001; RM-PM: t=2.61, p <0.001; NRM-
PM: £=2.83, p<0.001).

SIMPER analysis obtained the best discriminating taxa
between marsh areas, showing the most differences between
PM and NRM with 4. tenuis , Capitella capitata (polychaete),
C. multisetosum, and Hediste diversicolor (polychaete) as the
species that contributed mainly to the dissimilarity. For RM

and NRM were C. capitata, Chironomus sp., Oligochaeta,
and Lekanesphaera hookeri (Isopoda). RM and PM showed a
slightly lower dissimilarity with A. fenuis, H. diversicolor,
Chironomus sp. and C. multisetosum as the most important
species to separate both marsh areas (Table 4).

Stotat Was higher in RM than in NRM and PM. S .., was
higher for RM and PM than for NRM (Tukey, p <0.05). Njean
was maximum at PM and minimum at NRM; RM showed
Nmean Values more similar to PM (Tables 2 and 5).

Crustaceans and annelids were the major groups in all
studied marshes. The most abundant species were present in
all areas (except Oligochaeta, which did not appear in PM and
C. capitata in NRM). The crustacean isopod Cyathura
carinata was the most abundant taxon, its lowest abundance
being in NRM and its highest in PM (Tukey, p <0.05). RM
and PM showed higher total macroinvertebrate abundance
than NRM (Tukey, p <0.05). H. diversicolor and C. capitata
were abundant in RM, Oligochaeta, Paragnathia formica
(isopoda) in NRM, and A. tenuis and Phoronidea in PM.
H. diversicolor abundance in PM was lower than for the other
two areas (U test, p <0.05; Tables 2 and 3, Fig. 4).

Transform: Fourth root 2D Stress: 0.19
Resemblance: $17 Bray Curtis similarity v
Area
L RM | |
W NRM a
M PM v v
|
| FaY v
v
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M v
o 2 &
v
A
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A

Fig. 3 MDS ordination using Bray—Curtis similarities on taxa abun-
dance. RM restored marshes, NRM non-restored marshes, PM preserved
marshes
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Table 4 Zonal variation of the average abundance, average dissimilarity,
ratio dissimilarity: standard deviation (SD), contribution to dissimilarity
(%), and contribution to dissimilarity accumulated (%) of the most

relevant taxa in restored marshes (RM), non-restored marshes (NRM),
and preserved marshes (PM) in the Odiel Marshes

Taxa Average abundance

Average dissimilarity

Contribution to
dissimilarity (%)

Dissmilarity:SD Dissimilarity

accmulated (%)

Dissimilarity between areas

RM NRM
Capitella capitata 2.44 0.00 5.84
Chironomus sp. 2.06 0.00 5.18
Oligochaeta 0.84 1.61 4.58
Lekanesphaera hookeri 1.90 0.49 4.18
Hediste diversicolor 3.08 2.15 3.12
Paragnathia formica 0.38 1.20 3.05
Eurydice affinis 0.18 1.11 3.00

RM PM
Abra tenuis 0.00 293 5.83
Hediste diversicolor 3.08 0.62 4.96
Chironomus sp. 2.06 0.00 4.03
Corophium multisetosum 0.00 1.77 3.51
Alkmaria romijni 0.00 1.63 3.24
Capitella capitata 2.44 1.96 2.95
Foronideo 0.00 1.27 2.30

NRM PM
Abra tenuis 0.00 293 7.21
Capitella capitata 0.00 1.96 4.68
Corophium multisetosum 0.00 1.77 434
Hediste diversicolor 2.15 0.62 423
Alkmaria romijni 0.00 1.63 4.01
Oligochaeta 1.61 0.00 3.90
Paragnathia formica 1.20 0.96 3.63

(Average dissimilarity=>58.08)

1.60 10.05 10.05
1.57 8.93 18.97
0.87 7.89 26.86
2.07 7.19 34.05
1.20 5.37 39.42
0.75 5.24 44.66
0.78 5.16 49.82
(Average dissimilarity=>57.22)
5.71 10.19 10.19
1.96 8.66 18.85
1.63 7.05 25.90
1.35 6.13 32.03
1.18 5.67 37.70
1.20 5.16 42.86
0.69 4.02 46.88
(Average dissimilarity=65.82)
5.24 10.95 10.95
1.87 7.12 18.06
1.34 6.59 24.65
1.53 6.43 31.08
1.18 6.09 37.17
0.76 5.93 43.10
0.94 5.51 48.61

Taxa are listed in decreasing order according to its contribution to the average dissimilarity between areas

Macroinvertebrate community biomass was higher in PM
and RM than in NRM. RM showed higher AFDW than NRM,
while PM showed intermediate values (Tables 2 and 3). H.
diversicolor showed the highest biomass and AFDW values
in RM together with Carcinus maenas (decapoda; Table 3,
Fig. 4).

RM and PM showed higher H’ and H,,,,, than NRM (Tukey,
p<0.05).J and D were similar for every marsh area (ANOVA,

p>0.05) with high J values and low D values (Table 2, Fig. 5).

Warwick (1986) suggested that the distribution of numbers
of individuals among species should behave differently from
the distribution of biomass among species when influenced by
disturbance. Thus, the average ABC curve in RM, where the
biomass curve was above that for abundance, indicated
undisturbed conditions. For NRM the crossing of abundance
and biomass curves suggested a moderate state of disturbance.
In the case of PM, the ABC curve indicated disturbed condi-
tions since the abundance curve was always above the biomass

curve, showing the lowest W statistic value (W=-0.07; Fig. 6).

@ Springer

Environment-Macroinvertebrates

The results of BIOENV analysis evaluating the relationship
between environmental variables and macrofauna presence
indicated that the most significant correlations always oc-
curred with sediment pH, redox potential, organic matter
content and bulk density (maximum correlations of 0.441).
Individually, organic matter content (0.398) and sediment

Table 5 Total species richness (Si), mean species richness per sample
(Siean)> and mean individuals number per sample (Njean) in three salt
marsh areas in the Odiel Marshes

Location Slolal Smean Nmean
Restored marshes 26 5.6£0.4° 455462
Non-restored marshes 18 3.6+0.5° 26.6+4.9%
Preserved marshes 23 6.1+0.5% 47.5+6.5°

Different letters indicate significant differences between areas (ANOVA
or Kruskal-Wallis, p <0.05)
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Fig. 4 Abundance (ind. m?) of the most abundant macroinvertebrate
species in restored marshes (RM), non-restored marshes (NRM), and
preserved marshes (PM). C.cap Capitella capitata, H.div Hediste
diversicolor, Pfor Paragnathia formica, L.hok Lekanesphaera hookeri,

bulk density (0.334) were the variables that better explained
the macroinvertebrates distribution. pH and redox potential
presented lower correlations (0.261 and 0.181, respectively).
Total macroinvertebrate abundance decreased with increas-
ing sediment organic matter content (Spearman, R =—0.304, p
<0.05, n=58) and total AFDW increased with S. maritima
below-ground biomass (Pearson, R =0.367, p<0.01, n=58).

Discussion

Our results show that the restoration of European salt marshes
by planting the native S. maritima increases species richness,
diversity, density and biomass of the macroinvertebrate
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Fig. 5 Ecological diversity (H’), maximum ecological diversity (Hax),
dominance (D), and evenness (J) of the more abundant benthic
macroinvertebrates in restored marshes (RM), non-restored marshes
(NRM), and preserved marshes (PM). Different letters indicate significant
differences between marshes

F 1000

- 800

- 600

- 400

(indv. m™) Cyathura carinata

- 200

-0
Dol. Olig. Cy.car

Dol. Dolichopodidae, Olig. Oligochaeta, Cy.car Cyathura carinata.
The right axis (ind. m 2) refers only to C. carinata. Asterisk indicates
significant differences between marsh areas for the same species
(ANOVA or Kruskal-Wallis, p <0.01)

community. Restored marshes 3 years after restoration showed
an intermediated state according with their similarity (MDS
analysis) between non-restored and preserved areas. In S.
alterniflora created marshes in North America, however,
macroinvertebrate density and species richness equivalent to
reference marshes may be achieved within 8 years (Craft and
Sacco 2003), full recovery, that is similar community compo-
sition satisfying the same ecological functions, relative to ref-
erence marshes, if it is ever achieved, may require more than
two decades (Swamy et al. 2002). Thus, preserved marshes in
our study presented the most different macrobenthos commu-
nity, influenced mainly (according to BIOENV analysis) by
higher sediment bulk density, higher pH and lower redox
potential than restored and non-restored marshes. For example,
C. multisetosum was recorded only in preserved marshes.
Queiroga (1990) suggested that this species seems to avoid
fine sediments, which is according with preserved marshes
showing the highest sediment bulk density. In the case of 4.
romijni, also recorded only in preserved marshes, preferentially
lives in intertidal areas without high hydrodynamics (Chaouti
and Bayed 2006) as occurs in preserved marshes, being con-
sidered as a typical lagoon species (Barnes 1994). Therefore,
the recorded differences in macrobenthos community compo-
sition, beyond the maturation state of the marshes, seemed also
to be related with the physiography and the location of pre-
served marshes, a successional littoral lagoon colonized by Z.
noltii close by the sea.

Beyond the above-mentioned differences in community
composition, we recorded a fast recovery of the macroin-
vertebrate community in restored marshes, which was reflected,
for example, in similar diversity and species richness values to
preserved marshes and higher than in non-restored marshes due
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Fig. 6 Average abundance biomass comparison (ABC) curves at re-
stored marshes (RM), non-restored marshes (NRM), and preserved
marshes (PM)

to higher species richness. This seemed to be related with the
development of planted cordgrass prairies playing key ecologi-
cal functions for the macroinvertebrate community such as

@ Springer

decreasing stress levels, and providing food, sediment oxygen-
ation, substrata availability and protection against predators
(Teal and Wieser 1966; Netto and Lana 1997). As in our study,
diversity and dominance did not differ between created and
natural North American marshes (Ferguson and Rakocinski
2008); however, species richness was higher in natural marshes.
H’ in restored and preserved marshes was similar to that reported
for S. maritima marshes in the Tagus estuary during the same
season (Salgado et al. 2007).

The beneficial effects of cordgrass plantation for the
macroinvertebrate community were also reflected in macroin-
vertebrates abundance reaching similar values in restored and
preserved marshes 3 years after restoration, as described for .
alterniflora and S. foliosa North American marshes (Peck et al.
1994; Havens et al. 1995; Swamy et al. 2002; Craft and Sacco,
2003; Levin and Talley, 2002; Warren et al. 2002). Total
macrobenthos abundances were similar to those found for pio-
neer S. maritima marshes (Salgado et al. 2007) and slightly
lower than those found in invaded Chinese S. alterniflora
marshes (Chen et al. 2009). Cyathura carinata, a typical species
in eutrophic marshes (Ferreira et al. 2004; Marques et al. 1994),
showed much higher abundances in Odiel Marshes (167-522
ind. m2), highly polluted with nitrates (Elbaz-Poulichet et al.
1999), than in less contaminated Portuguese marshes (10—
65 ind. m 2 following Salgado et al. (2007) and Cardoso et al.
(2008)). The rest of the macroinvertebrate community reported
by Salgado et al. (2007) for Atlantic Portuguese marshes was
similar in species composition and abundances to our study,
except for Oligochaeta that presented a higher density in the
Tagus estuary, which may be related to its higher sediment
organic matter content (Finogenova 1996). As in our study,
Tavares et al. (2009) and Zhou et al. (2009) found a negative
correlation between sediment organic matter content and
macrobenthos diversity and abundance and Sacco et al. (1994)
reported that high organic matter content may be a possible
cause for high infaunal abundances at the North American
Atlantic Coast. In our work, Oligochaeta presented higher
density in non-restored marshes than in the other marshes likely
due to higher sediment organic matter content or/and the elim-
ination of competitors by predators. Thus, the polychaete C.
capitata, well known as an indicator of organic enrichment
(Warren 1977), was absent from non-restored marshes where
vegetation cover was low and high shorebird densities have
been recorded (Curado et al. 2013).

Comparing abundance and biomass curves is a method sen-
sitive to various kinds of disturbance, both natural (physical and
biological) and pollution-induced, to the macrobenthos commu-
nity (Warwick et al. 1987); however, this method is not exempt
of controversy (Beukema 1988; Cracymeersch 1991). In our
study, ABC curves pointed to preserved marshes as the most
disturbed area, and restored marshes the least. The three studied
areas present similar and very high pollution levels (Lopez-
Gonzalez et al. 2005), so the detected alteration levels seemed
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to be related to physical disturbances, high erosion rates in non-
restored marshes and bait capture in preserved marshes, where
the low density of H. diversicolor was probably due to the high
extraction activity carried out in this area since this polychaete is
used as fresh bait for fishing. Preserved marshes and non-
restored marshes are included in the Natural Park, being the
former used as a bait capture zone regulated by the protected
area conservation management plan, while restored marshes are
out of the protected area and included in those marshes under the
Port of Huelva management, where bait capture is forbidden.

Total AFDW increased with S. maritima below-ground
biomass, which according to the PCA analysis marked impor-
tant differences between areas. The crustaceans C. maenas,
C. carinata, and Uca tangerii among others contributed
considerably to the total biomass of S. maritima marshes in
restored and preserved areas, together with H. diversicolor in
restored marshes. These species, with a total relative abun-
dance of 64 % in restored marshes and 58 % in preserved
marshes, represented 96 % and 69 % of the total biomass,
respectively. Previous studies have recorded higher abun-
dances and biomasses of macroinvertebrates in Spartina and
Zostera marshes than in mudflats (Almeida et al. 2008;
Spruzen et al. 2008; Zhou et al. 2009; Tang and Kristensen
2010). Differences between biomass and AFDW in restored
and preserved areas seemed to mainly be related to weight loss
of inorganic matter adhered to the coriaceous tubes of the
phylum Phoronidea and shells of the bivalves Cerastoderma
edule and A. tenuis.

Conclusions

Our results show that the restoration of European salt marshes
using S. maritima has a positive effect on the benthic
macroinvertebrate community in relatively short periods of
time increasing its complexity and abundance ca. 3 years after
plantations. Restored marshes achieved similar diversity
values and higher specific richness than preserved marshes
and higher values for both parameters than non-restored
marshes invaded by S. densiflora. In addition, restored and
preserved marshes do not differ in total macroinvertebrate
abundance neither in total biomass, being both higher than
in non-restored marshes. Overall, our results point to the
important role of cordgrasses used as bio-tools in salt marsh
restoration projects, developing key ecological functions for
the macroinvertebrate community. Nevertheless, restored
marshes ca. 3 years after plantations showed still important
differences in macroinvertebrate species composition com-
pare to preserved marshes, reflecting that they may still play
different ecological functions.

In view of our results, cordgrass plantations appear as a key
action of ecological restoration projects at low-medium Euro-
pean salt marshes since they improve the macroinvertebrate

community, which is central to the functioning of these eco-
systems, for example, promoting organic matter decomposi-
tion (Pozo and Colino 1992) and representing an important
trophic link between primary producers and consumer (fish,
birds, etc.; Sarda et al. 1995). In addition, managers of Euro-
pean salt marshes should also pay attention, not only to salt
marsh restoration, but to the conservation of existing S.
maritima prairies, especially in a scenario of climate change
and sea level rise. The lost of the small cordgrass would not
only mean a loss of vegetation cover but the degradation of the
macroinvertebrate community and subsequent effects.
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