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ABSTRACT

We establish baseline knowledge of abundance, sityeand multivariate structure of
macrobenthos from shallow sublitoral soft bottomshie North Portuguese coast and
elucidate main environmental factors that shape fipatial patterns. In this area
distribution of soft bottoms is patchy, surroundgdboulders and rocky substrates. This
particular landscape and the lack of significarit@yogenic disturbances are values for
the conservation of this habitat. Sediment and ipbghemical properties of the water
column were studied to provide models for eachistuthacrobenthic variable. Our
models highlighted that most of variation (59%-72feinacrobenthic spatial patterns
was explained by the studied environmental varat$edimentary variables were more
relevant that those of the water column. Therefdisurbances affecting sedimentary
environment could cause dramatic changes in magtbiceassemblages because of the
limited availability of soft bottoms in the area.this way, results are useful to adopt

right management and conservation strategies.

Keywords. Benthic ecology; Sediments; Macrobenthos; Commuatyposition;

Environmental variables; Coastal waters; Shallobligoral; Northeast Atlantic



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

1. Introduction

Coastal ecosystems provide valuable goods andcssrio humans but anthropogenic
use has also altered the oceans through diredhdirdct means (Halpern et al., 2008).
Particularly, in recent decades, worldwide marioesgstems are suffering the
synergistic effects of multiple stressors derivemhf anthropogenic activities such as
overfishing, invasive species or pollution (Claudetl Fraschetti, 2010). These
stressors act as major drivers of ecosystemsrajténe structure and functioning of
their assemblages with consequences to humarbeily (Worm et al., 2006). In this
scenario, there is an imperative need for adoptingagement and conservation
strategies in marine systems that will be cruoaltfie sustainable use of resources
(Desroy et al., 2002; Claudet and Fraschetti, 20H6)vever, the major constrains to
implement conservation strategies in marine ecesysiare the general lack of baseline
data prior to impacts and substantial gaps in tineeat knowledge of natural patterns of
variability of their assemblages, which are inticafly variable (Claudet and Fraschetti,

2010; Schuckel et al., 2015).

Soft bottom macrobenthos plays an important rol@amine ecosystem processes such
as nutrient cycling, pollutant metabolism or seamygroduction (Snelgrove, 1998;
Pratt et al., 2014). Most of macrobenthic specisgldy a sedentary lifestyle,
intermediate trophic level positions, relativelygplife-span and varying responses to
changes in environmental stress that make macrobgrain effective and useful
indicator for the assessment of coastal systemnitgBlauvin, 2007). Over the past few
decades, macrobenthos has been a key element gfmmanitoring programmes; in this
way, upgrading our knowledge about its biodiverstyseful, particularly in marine
soft-bottoms (Ellingsen, 2002; Veiga et al., 20d)hough soft-bottoms are the largest

ecosystem on Earth in terms of area coverage,asiyall percentage of their
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macrobenthos has been studied and most of itsespar@ still undescribed (Snelgrove,
1998). Within soft-bottom ecosystems, sublittoralanobenthic assemblages have been
less studied that those from the intertidal andaieing largely unknown (Desroy et al.,
2002; Schuckel et al., 2015). Spatial distributbdthese assemblages is heterogeneous
(Mann and Lazier, 2006) and sediment features ¢eajn size, organic matter content
and food availability) have been identified as oesible for spatial patterns of
macrobenthos (Ellingsen 2002; Van Hoey et al., 260 et al., 2008; Ramey and
Bodnar, 2008). Moreover, at greater spatial scalegsicochemical characteristics of
the water column and hydrodynamics, seem to codirettly or indirectly abundance
and distribution of macrobenthos by influencingdavailability, bottom-water
oxygenation and larval dispersion (Dauvin et @04 Blanchet et al., 2005; Schuickel

et al., 2015)

Spatial models such as multiple regression or caaboorrespondence analyses have
revealed that the percentage of the variation semblage structure from soft-bottom
habitats explained by environmental factors is wenyable (i.e. between 10% and 90
%) (e.g. Veiga et al., 2009; Olsson et al., 20X3iUskel et al., 2015). These previous
studies were done in subtidal areas where sofvimstiare the dominant habitat and
cover wide extensions. However, in some regiores tiérth Portuguese coast, soft
bottoms at shallow sublittoral are restricted ttcpas surrounded by large extensions of
boulders and rocky substrates, the latter beingptedominant habitat (Rodriguez et al.,
2011). Moreover, on the one hand, the north Podsgweoast is still an area
characterized by relatively low levels of anthropoig pressure, deserving attention for
its conservation. Previous investigations showed ¢bncentrations of nutrients, PAHs
and trace metals were near background valuesReig, 2012; Reis et al.,2014; Rubal

et al., 2014), indicating that North Portuguesest@anot subjected to severe
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eutrophication or pollution by industrializationdaarbanization of the surrounding
areas. On the other hand, benthic studies doresimtea have been focused on
intertidal assemblages from rocky shores (e.g. jaratial., 2006; Rubal et al., 2011;
Veiga et al., 2013) and soft bottoms (Veiga etZ114). However, there is a gap in
knowledge about the structure of assemblages frdotidal soft-bottoms. As proof of
this, new species of macro- and meiobenthos haae teeently described from shallow
subtidal sediments of the North Portuguese coasjyé&ie et al., 2015; Rubal et al., In

press), indicating that this system may be alduigif value for conservation.

The study of spatial patterns in macrobenthic abtages in this area will let us
establish baseline knowledge, mandatory to detedotd potential changes in species
distribution and helpful for monitoring and managgrissues(Desroy et al., 2002;
Claudet and Fraschetti, 2010; Dutertre et al., 28tBiickel et al., 2015). Moreover,
elucidating main natural environmental factors gfape spatial patterns of
macrobenthic assemblages from subtidal soft-bottdhhelp to discriminate between
natural and anthropogenic changes (Glockzin antleZe?008; Dutertre et al., 2013).
Therefore, the aims of this study were to deterntieenatural environmental variables
that shape the structure of macrobenthic assenslagallow sublittoral soft bottoms
in the North Portuguese coast and providing basefiformation for assessing the
quality of this system in the future, which will beucial for adopting right management
and conservation strategies. To achieve thesefastsspatial patterns of sediment
features, physicochemical properties of the watkrman and macrobenthic
assemblages were described. Then, the relatiobshigeen spatial distribution patterns
of macrobenthos and those of environmental fastere investigated using

multivariate statistical approaches. This will allaentifying useful predictor variables
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and generating simple models to explain naturaiapaariability in macrobenthic

assemblages.

2. Material and methods
2.1 Study area

The study was carried out on shallow subtidal Boftoms in the North of Portugal,
encompassing over 22 km of coast between 410501'N; 8°5254.00W and
41°3939.72'N; 8°5024.42'W (Table 1 and Figure S1). This subtidal area is
predominantly covered by rocky shores that corstguhe 69%, whereas soft bottoms
are the second most abundant habitat (21%) folldwyeobulders (10%) (Rodriguez et
al., 2011). The coast in this area is north-tods@uiented, exposed to prevailing
northwest oceanic swell. Moreover, this coastah asesubjected to the influence of
river plumes, being Mifio and Lima the most importavers regarding flow and to

upwelling events (Lemos and Pires, 2004).

2.2 Sampling design

Sampling was conducted in May 2012 at four shalBowtidal soft bottom localities
(Table 1, Figure S1). A two-factor sampling desigas used to assess the spatial
patterns of macrobenthic assemblages and thetrarship with sedimentary and water
column environment. The largest spatial scale Wwasdf locality, which included four
levels: Moledo, Ancora, Gelfa and Lima, spaced kms) one another. At each
locality, three sites, approximately 100s of msrgpeere randomly established within
each soft bottom patch. Localities and sites welected considering the availability of

soft bottoms (Figure S1) based on a previous wuaik tad characterised main habitats
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of the study area including bathymetric and geormolggic analyses (Rodriguez et al.,
2011). Sediment samples within each site were mahdoollected, about 10s of ms
apart, using a Van Veen grab (sampling surfaceX# 6f) to a mean depth of 12 m
(between 9.5 and 15 m) (Table 1). At each sitetal of seven grabs were collected,
five to the study of macrobenthos and the remaitwato study the sedimentary
environment (i.e. grain size and organic mattechMbenthic samples were
immediately washed on board over a 0.5-mm mesle siéwe retained macrofauna was
then preserved in 4% neutralised formaldehyde islwtith Rose Bengal in labelled
plastic bags until its posterior study. Samplesddimentary study were frozen. To
characterise the water column environment, thrdepandent measures of oxygen
concentration, salinity and temperature were okthet each locality by means of a
CTD SBEZ25. Moreover, three independent water colsamples of 250 ml were
collected at each site and locality for nutrierdlgiges: nitrate (N¢), phosphorus (P£)
and ammonium (NJ as close to the bottom as possible avoiding seatim

resuspension.

2.3 Sampling processing

Macrobenthos was sorted, identified to the lowessble taxon (usually species level)
and counted. The organic matter content was caémlilay measuring the loss of weight
on ignition in a furnace at 450°C for 4 h. In ortestudy the sediment grain size,
samples were dried and then sieved. The followatjnsentary fractions were
considered: coarse gravel (> 4 mm), fine gravel (@m), very coarse sand (1-2 mm),
coarse sand (0.5-1 mm), medium sand (0.25-0.5 fimg)sand (0.125-0.25 mm), very
fine sand (0.063-0.125 mm) and silt/clay (< 0.068)mThen, the median particle size

(Md; Bale and Kenny, 2005) and sorting coefficiehthe sediment (QD; Yamanaka
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et al., 2012) were calculated. Nutrient analyseewlene directly in filtered seawater
samples by Molecular Absorption Spectrometry usisggmented flux autoanalyser
(San Plus System, Skalar). The concentrations af RQ, and NH were determined
according to Skalar methods M461-318 (EPA 353.2)5M008R (EPA 350.1) and

M503-555R (Standard Method 450-P [) (Skalar, 2004).

2.4 Data analyses

Data were analysed by means of univariate and vaultite techniques to test the
hypothesis that variables of the water column atinsent beside total number of
individuals (N), taxon richness (S), Shannon's dig index (H) and the multivariate

structure of macrobenthic assemblages will diffapag localities.

Analyses of variance (ANOVA) were done to testddferences in the water column
variables (i.e. oxygen concentration, salinity samperature) among localities. These
analyses were based on a one-way model, includoadity as fixed factor with four
levels and three replicates. ANOVA was also usdédbfor differences in the nutrient
content (i.e. N@ PQ, and NH), sediment variables (i.e. different sedimentagjrg

sizes and organic matter content), N, S and H’ afnwbenthos among localities. These
analyses were based on a two-way model, includowglity as fixed factor with four
levels and Site as random factor nested in Locualitly three levels, considering five
replicates for macrobenthic data, three for nutsemd two for sedimentary variables.
Cochran'C tests were previously done to check for homoggméivariances and,

when test was significant (p < 0.05), data weredi@med to remove the heterogeneity
of variances. When this was not possible, untransfd data were analysed and results
were considered robust if significant at p < 0f@lcompensate for the increased

probability of type | error (Underwood, 1997). Wieeer ANOVA showed significant



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

differences (p < 0.05), a post hoc Student-NewmanlK(SNK) test was done to

explore differences among all pairs of levels @f selected factor (i.e. locality).

A distance-based multivariate analysis of varigfiRlERMANOVA, Anderson 2001a),
according to the two-way aforementioned design, wgsl to test differences among
localities on the multivariate structure of macnotiéc assemblages. For each replicate,
values of abundance for each species were squar¢raosformed to downweight the
influence of numerically dominant taxa, which weeed for the calculation of the
Bray—Curtis similarity matrix by permutation of résals under a reduced model (999).
When PERMANOVA showed significant differences (0.€5), a pair-wise

comparison (999 permutations) was done to explibferences among all pairs of

levels of the selected factor. As the number ofjuaipermutations for the pair-wise
comparison was lower than 30, Monte Carlo P-value® considered (Terlizzi et al.,

2005).

In order to test whether differences in the mutiste structure of assemblages between
localities were due to varying multivariate dispens the PERMDISP procedure was
done (Anderson, 2006). Multivariate patterns wéustrated by non-metric

multidimensional scaling (hnMDS) ordination of regalies for each locality.

The SIMPER procedure (Clarke, 1993) was used terchite the percentage of
contribution 6i%) of each taxon to the Bray-Curtis dissimilatgtween assemblages
sampled at each localityi]. A taxon was considered important if its contitibn to
total percentage dissimilarity wa8%. The rati®i/SD(5i) was used to quantify the
consistency of the contribution of a particulara@axo the average dissimilarity in all
pair-wise comparisons of samples among localitfedues>1 indicated a high degree

of consistency.
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The relationship between the uni- and multivarraerobenthic data and the
environmental variables of the water column andmsedtary environment was
analysed using nonparametric multivariate multrpigression (McArdle and Anderson,
2001). Environmental variables were subjectedstepwise forward-selection
procedure to develop a model of the macrobenthi @&. N, S, H and the
multivariate structure of assemblage). Analysesv@sed on Euclidean similarity
matrices for N, S and H" and Bray-Curtis similantgtrix for multivariate data that
were square-root transformed. P-values were dong @999 permutations of residuals
under the reduced model (Anderson, 2001b). All parametric multivariate multiple
regressions were done using the computer progré&i M (Anderson, 2002).
Draftsman plots were done previously to check Rewveess of environmental variables
and data were log(x+1) transformed. Some pairsaoables (i.e. temperature — oxygen
concentration; PO©- NO, and coarse sand — very coarse sand) showed strong
correlations (r > 0.90). As these pointed out thay are redundant variables,
temperature, P£and coarse sand were removed from the analysegasexygen
concentration, N@and very coarse sand were maintained. Constrairtkdation, a
distance-based redundancy analysis (dbRDA, LegardtédAnderson, 1999), was done
to explicitly investigate the relationship betwesvironmental variables and

macrobenthic assemblages.

These analyses were also completed on sets obenvéntal variables that formed two
natural groups, those associated with the watemmolenvironment and the associated
with the sediment, to test the hypothesis thatsedtary variables will explain a

greater percentage of variability in spatial paitenf macrobenthos than that explained
by variables of the water column environment. Watet sediment sets were analysed

separately for their relationship with the macrabendata (ignoring the other set), and
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both sets were then subjected to a stepwise foraattion procedure to develop a

model of macrobenthic data.

3. Results
3.1 Environmental variables

Depth ranged from 9.5 m (Site 1 of Lima) to 15 riigS$1 of Ancora and Gelfa) (Table
1). Regarding water column environment (Table 849ults of ANOVA showed
significant differences among localities for oxygemcentration and temperature
(Table 2). Post hoc analyses indicated that oxygeicentration and temperature in
Gelfa were significantly higher than in the remaglocalities (Fig. 1A and 1C).
However, salinity did not show significant diffei@s among localities (Table 2, Fig
1B). Moreover, results of ANOVA indicated no sigo#nt differences among localities
for nutrient content (Ng) NH3; and PQ) despite some variability was evident among

sites (Table 2; Figure 2A-C).

Sediments were predominantly composed by fine satidthe only exception of Mifio
that showed coarse and medium sand (Table 1). Meregsediments were well sorted
and moderately well sorted, except on Site 3 ofokaavhere they were very well
sorted (Table 1). Concerning sedimentary envirortmresults of ANOVA showed
significant differences among localities for orgamatter and most of the sedimentary
grain sizes, except for coarse and fine gravel lefdap Post hoc analyses indicated that
very coarse, coarse and medium sand content in Wéie significantly higher than in
the remaining localities (Figure 3C-E). Howevegamic matter, fine, very fine sand

and silt/clay content were significantly lower inidd (Figure 3F-I).



258 3.2 Macrobenthic assemblages

259 A total of 9669 individuals belonging to 65 taxarevédentified throughout the study
260 (Table S2). Results of ANOVA showed significantfeliences among localities for N
261 (Table 4). Post hoc analyses indicated that N ifelllm and Ancora was significantly
262 higher than in the remaining localities (Figure 4Apwever, results of ANOVA

263 indicated no significant differences among locaéitior S and H" (Table 4, Figure 4B-
264  C). PERMANOVA analysis showed that the multivaristeicture of macrobenthic
265 assemblages differed significantly among locali(iesble 5). Pair-wise comparisons
266 indicated significant differences between Mifio #melremaining localities (Table 5).
267  The documented multivariate pattern was visualeed clear separation between
268  replicates from Mifio and those of the remainin@gli@s in the nMDS ordination
269  (Figure 5). Moreover, the PERMDISP analysis forldyg (F = 1.58, p = 0.274)

270 indicated that the dispersion of replicates didprotide a significant contribution to

271  observed differences among localities.

272  SIMPER analysis identified 34 taxa as the maingasible for differences between

273  Mifio and the remaining localities. Collectivelyeie taxa contributed more than 90%
274  to the total dissimilarity, although only the cobtrition by nine of them was 3%

275  (Table 6). The contribution to percentage of disisirity of Pisione parapari Moreira,

276  Quintas and Troncoso, 200, remota (Southern, 1914 Rolygordius appendiculatus

277  Fraipont, 1887Spio decoratus Bobretzky, 1870, Nematoddsjogenes pugilator

278  (Roux, 1829) anastrosaccus spinifer (Goés, 1864) was consistent among all the pair-
279  wise comparisons between Mifio and the remaininglikies (Table 6). Moreover,

280  Eurydice sp. and~abulina fabula (Gmelin, 1791) contributed only to dissimilarity of

281  Mifio with Gelfa and Lima, respectively. Noticeahilye abundance of these species
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was larger in Miflo compared to the remaining ldesdiexcept fos. decoratus andF.

fabula, which reported lower abundances in Mifio (Table 6)

3.3 Relationship between environmental variables and macrobenthic assemblages

Results of DISTLM showed that 11 environmental ales (i.e. all the studied
variables except fine gravel and very coarse senyther explained 71.51% of the
variance in N (Table 7). The variable that expldinte greatest amount of variation was
the fine sand content that alone explained the(86.®llowed by medium sand content
(3.65%) and depth (6.02%) (Table 7). However, diténg these three variables, the p-
values associated with the conditional test toqlitlay and the subsequently fitted
terms in the model were not statistically significg > 0.05) (Table 7). In this way,
based on forward selection results, the best nmtodetplain N would be include only
the first three variables: fine sand, medium samtidepth that together explained the

65.89% of variation in N (Table 7).

Results of DISTLM also showed that all the studiadables, except medium sand and
very fine sand, together explained 60.64% of theamae in S (Table 7). The variable
that explained the greatest amount of variationg2%) was salinity, followed by
silt/clay content (6.65%) and depth (4.48%) (TableMoreover, N@, NH3; and organic
matter content added significantly to explain vdoiaof S, as evidenced by the p-
values < 0.05 (Table 7). However, after fittinggbesix variables, the p-values
associated with the conditional test to add vegrse sand and the subsequently fitted
terms in the model were not statistically significg > 0.05) (Table 7). In this way,
based on forward selection results, the best nmod®tplain S would be include the
first six variables: salinity, silt/clay, depth, NONHs; and organic matter content that

together explained the 58.45% of variation in Sh{€&).



306 Results of DISTLM showed that all studied variabkscept oxygen concentration,
307 salinity and coarse gravel, together explained 59%e variability in H™ (Table 7). The
308 variable that explained the greatest amount ofian was silt/clay content that alone
309 explained the 46.46% (Table 7). However, afterasitil clay content, the p-values

310 associated with the conditional test to add orgamatter content and the subsequently
311 fitted terms in the model were not statisticallyrsficant (p > 0.05) (Table 7). In this
312  way, based on forward selection results, the bestetrto explain H would be to

313 include only silt/clay content.

314 Results of DISTLM showed that all studied variabkscept fine gravel and organic
315  matter content, explained 64.41% of the variabihtyhe multivariate structure of

316 macrobenthic assemblages (Table 7). The variabteatbne explained the greatest
317 amount of variation (25.61%) was very coarse samtdent followed by very fine sand
318 content (8.27%) and salinity (4.99%) (Table 7). Btwrer, all the remaining variables
319 added significantly to explain variation in the tnvdriate structure of macrobenthic
320 assemblages, as evidenced by the p-values < Oabe(T). In this way, based on

321 forward selection results, the best model to erpla¢ multivariate structure of

322 macrobenthic assemblages would include the 11blaggTable 7).

323  The first two dbRDA axes explained 66% of the @ttariation, which is about 42.2%
324  of the total variation in the structure of the ntd@nthic assemblages (Figure 6). All
325 dbRDA axes together explain 100% of the fitted atawn and 64% of the total

326  variation.

327 The results of the multivariate analyses basedvorsets of variables (sediment and
328 water column) are shown in Table 8. The set ofreedtary variables showed the
329  greatest descriptive power, which explained 70%efvariation in the macrobenthic

330 abundance and more than 54% in the diversity (SHihdnd the multivariate structure
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of macrobenthic assemblages (Table 8). Once theeathry variables were fitted, the
set of water column variables only added anothetd@%e explained variation in the
multivariate structure of macrobenthic assemblad®ugh this was statistically
significant. However, in terms of abundance ane iy, the set of water column

variables appeared to be redundant in the model)(5) (Table 8).

Discussion

Coastal ecosystems face strong anthropogenic pesssut are also naturally variable
(Crossland et al., 2005; Halpern et al., 2015)sMairiability makes difficult to
determine whether structural changes in benthierakges are due to natural or
anthropogenic disturbances, unless the latterearere (Hardman-Mountford et al.,
2005; Rubal et al., 2014). In this way, studies gravide a consistent description of
their assemblages and associated habitats ard usefitablishing a baseline for the
detection of ecological changes and anthropogempacts (Desroy et al., 2002;
Hardman-Mountford et al., 2005; Claudet and Frat$ict2910; Dutertre et al., 2013;
Schickel et al., 2015; Veiga et al., 2016). Paldity in the shallow subtidal, previous
studies have focused in analysing patterns of nhetithic assemblages along salinity
or depth gradients (e.g. Bris and Glémarec, 19%@bdert et al., 2003; Barros et al.,
2008). Moreover, many studies have focused in gtyoenthropogenic areas (e.g. Lu,

2005; Sanchez-Moyano et al., 2010; Nishijima et2415).

The present study explored spatial patterns of oterthic assemblages and main
features of habitat (i.e. sediment and water co)Juman area characterized by
relatively low levels of anthropogenic pressurei$R2012; Reis et al., 2014; Rubal et

al., 2014). Our results indicated that environmlevdaables varied significantly among
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localities with the only exceptions of nutrientalisity, temperature and sediment
gravel content. Moreover, the abundance and muléteastructure of macrobenthic
assemblages changed significantly among localidiespite these did not exhibit clear
differences in their depth or salinity. Howevenetsity measures (S and H’) did not
differ significantly among localities. Thereforgyraesults partially supported the
hypothesis that predicted that variables of theemedlumn and sediment beside
macrobenthic response variables (N and the mulditeastructure of assemblages)

would differ among localities.

Identifying main environmental variables that shapatial patterns of benthic fauna is
not an easy task because they differ among area2005). None mechanism alone
has been universally capable of elucidating fapa#tierns identified in different
environments, and at any given site, differentraaténg factors may be involved
(Snelgrove and Butman, 1994). Our results provigea estimation of the percentage
of spatial variation of macrobenthos which can Xganed by natural environmental
conditions providing models for abundance, divgré&s and H’) and multivariate
structure of assemblages in which significant alndtmelevant environmental variables
were selected. Results of the multiple multivarraigression analyses highlighted that
the environmental variables here considered exgdbinsubstantial proportion of the
variability, between 59% for the H’ and 72% for @d@undance of macrobenthos.
Similarly, Dutertre et al. (2013) found that sphtistribution of macrobenthos along
the subtidal coastal fringe of South Brittany shdwaerelatively high correlation with
environmental factors, and that the combinatiofh@hatural abiotic variables,
including sediment characteristics, bathymetry layatodynamic conditions, explained
the 51% of macrobenthic distribution. This contsasith other previous studies that

yielded low values of the rank correlation coetiti between macrobenthic



380 assemblages and environmental variables (Lu, 2608t found a lower degree of
381 variation explained by environmental variables g0tset al., 2013; Schuickel et al.,

382 2015).

383  Our results also indicated that the identity anchber of environmental variables

384 selected for each model were dependent on macttbeasponse variable. Content in
385 different sedimentary grain sizes was usually tlestmelevant factor, explaining the
386 highest percentage of spatial variability in N éfisand, 56%), H’ (silt/clay, 45%) and
387 the multivariate structure of macrobenthic assegésgvery coarse sand, 26%).

388  Sediment features (i.e. mud content, mean grameli@r and sorting index) were also
389 the responsible for 20% of the variation in the roéaunal distribution along the

390 coastal fringe of South Brittany (Dutertre et 2D,13). The relationship between

391 sediment and macrobenthos has been often desamilbexains of the range of

392 granulometric variations tolerated by each spe@dmgsen, 2002; Van Hoey et al.,

393 2004, Hily et al., 2008). According to their lifgt, macrobenthic species require

394 particular sediment features for instance for tobiding, burrowing, or feeding (Self
395 and Jumars, 1988; Pinedo et al., 2000). Moreokierralationship between animals and
396 sediment is quite changeable because sedimenfaycan influence other variables
397 like microbial content and food supply, and tropinieractions (Snelgrove and Butman,
398 1994, Barros et al., 2008). For example, organideat tends to increase in fine

399 sediments in nearshore ecosystems, improving tiak $apply for many benthic species
400 (Gray and Elliot, 2009). In our case, the locatifyMinho had significantly higher

401 content in very coarse, coarse and medium sanglawled as expected the lowest

402  organic matter content. Moreover, the multivarstteicture of the macrobenthic

403 assemblage in Mifio was significantly differenthattof other localities. However, in

404  contrast to expected, Mifio displayed higher abucdaalues. This can be explained by
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the relatively high abundance of some typicallgistitial taxa a®isione, Polygordius

or Nematodes that usually live in coarse and mediand sediments as those found in
Mifio, which were absent or less abundant in theareimg localities. Mesh-size (0.5
mm) could be partially responsible for such differes, because other published works
rely on 1-mm mesh which usually do not retain sagimbers of small-sized species as
those found in this paper at Mifio (Lu, 2005; Glaokand Zetter, 2008; Dutertre et al.,
2013). Similarly, Dutertre et al. (2013) found th@mogeneous fine sediments showed

a relatively low value of species richness becadfiskee absence of interstitial fauna.

Salinity is often regarded among the major facédfscting the species richness and
composition of macrobenthic assemblages (e.g. |.20@3; Bonsdorff, 2006; Gorgina
et al., 2010). Lu (2005) found that species nunamel abundance was negatively
correlated with salinity because a lower salinéjues mean higher freshwater input
from rivers, which is, in turn, a source of nuttethat can be used as food supply.
Thus, freshwater input might have affected podiive macrobenthos here. Our results
showed that salinity was the most important fact@xplaining spatial pattern of
macrobenthic richness and the third most relevamtiie multivariate structure of
macrobenthic assemblages. However, it was notteel@t the models of N and H’
because its contribution was not significant. Hogrein our study area, salinity was
not significantly different among localities corgtimg with previous studies focused on
macrobenthos along estuarine gradients (Bris agth&ilec, 1996; Ysebaert et al.,
2003; Barros et al., 2008); this may explain iteonirelevance in shaping macrobenthic
assemblages in the north Portuguese coast. Simi@idckzin and Zettler (2008) found
that salinity did not vary strongly in their studsea and thus its potential value as the

main predictor on the benthic assemblage was irigignt.
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Depth, through its impact on other factors suchrganic content, sorting or
permeability of sediment, has been usually consiierainly responsible for spatial
patterns of macrobenthic assemblages (Bonsdoi®6;Z0ettler et al., 2006; Glockzin
and Zettler, 2008; Gorgina et al., 2010; Schickal.e2015). In our study, however,
depth was only the third most relevant factor foardl S, explained a low percentage of
variability in the assemblage multivariate struetand it was not selected for H'. This
lower influence of depth could be explained becansrir study area depth range was

small (between 9.5 and 15 m).

When variables were individually analysed by se¢s §ediment and water column),
results showed a significant contribution of bagtssalthough sedimentary variables
explained a higher percentage of variation intedl ¢considered macrobenthic response
variables. However, when sets were sequentiatigdfjtwater variables did not add a
significant contribution once that sedimentarywgas already included in the model.
This points out that, at the scale of the presentys sedimentary variables seem to be
more relevant that those of the water column irpsttaspatial patterns of
macrobenthos, although there is a degree of inpertdence among both. Therefore,
these results supported our second hypothesis¢démentary variables would explain
a greater percentage of variability in spatialgrais of macrobenthos than that
explained by variables of the water column envirenth This may be explained by the
greater sediment heterogeneity across localitiexeds the water column environment
was more homogenous. Dutertre et al. (2013) inelitttat physical-chemical
properties of the water column were important tderstand the broad-scale species
distribution in coastal ecosystems. Schuckel g8l15) studied macrobenthic
assemblages in three tidal channels of the Waddan&®d found that differences in

spatial distribution of macrofaunal assemblagesspeties composition were best
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explained by the variability of tidal current veitycand depth, followed by sediment
characteristics. Therefore, within the tidal chdsrfiee. smaller spatial scale), the
significance of sediment characteristics becamlbdrign concordance with our results

(Schuckel et al., 2015).

Our models highlighted that most variation in salgtiatterns of macrobenthic
assemblages was explained by the studied enviralaineriables. However, some
variation still remains unexplained (between 21 48%). This suggests that other
abiotic or biological variables did not considenedhe present study, such as food
supply, source of larvae or interspecies competitinight also play a significant role

(Wildish, 1977).

To develop realistic conservation and managemegiesgfies to identify and ameliorate
anthropogenic impacts, managers need baselineggcaloneasurements from
appropriate spatial scales. The lack of these in&sdhta often results in poor decision-
making and environmental policy (Yaffee, 1997). ®iere, analysis and measurement
of the relationship between species and their enuiient is essential to build predictive
models, that provide a global visualisation harroasiwith ecosystem management
(Gorgina and Zettler, 2010; Méléder et al., 201®9}his way, our study distinguished
and categorised different natural environmentéatiiscresponsible for shaping
macrobenthic assemblages from soft-bottom shalldsittoral in the North Portuguese
coast and contributes to incorporate a local eccédgtudy in a wide-ranging
ecosystem background. The good correlation obtdietsdeen natural environmental
factors and different macrobenthic response vaghtlvocates that our models may be
useful to support conservation and managemenegiest. Moreover, results of this
study showed some deviations from generality igek of relevance for salinity or

depth) proving that our understanding of benthgeatblages is locally specific and
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thus, conclusions based on studies consideringrdift habitats, spatial scales or
different components of the benthos cannot be palated as generaliti€3n the one
hand, we establish appropriate baseline data titlddeMndispensable to future
monitoring studies that aim detecting ecologicaraies as those derived from
anthropogenic impacts or preserving the integrityhallow subtidal areas including
their associated biodiversity (Desroy et al., 20@) the other hand, our results allow
focusing on certain environmental factors that haneved shaping the distribution of
macrobenthic abundance, diversity and multivasatecture of the assemblage
(Gorgina and Zettler, 2010; Méléder et al., 20TWe identification of key
environmental factors, mainly related with sedimentrucial for the conservation of
the studied habitat. Any anthropogenic activityt hatentially modifies these
environmental factors (i.e. dredging, modificatmfrthe hydrological regimen due to
coastal structures or changes in fluvial dischacge)d, in turn, modify intensely the
structure of soft bottom assemblages. The distuwdahsedimentary habitat for any of
the previous activities could be especially dramitithis particular area because of the
habitat fragmentation (dominated by rocks) andithéed sources of sediment to

buffer these changes.
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Figure caption

Fig. 1 Mean values (+SE) of oxygen concentration (A)nggl (B) and temperature (C)
in the water column at each site of the four stuidieealities. Letters indicate significant
differences among localities (p < 0.05) as detebie8NK test. ns: not significant

differences among localities.

Fig. 2 Mean values (+SE) of NOnitrate (A), PQ: phosphorus (B) and N
ammonium (C) in the water column at each site efftiur studied localities. ns: not

significant differences among localities.

Fig. 3 Mean values (+SE) of sediment grain size (A-H) arghnic matter content (I) in
percentage, at each site of the four studied loesliLetters indicate significant
differences among localities (p < 0.05) as detebie8NK test. ns: not significant

differences among localities.

Fig. 4 Mean values (+SE) of N: total number of individ@d), S: taxon richness (B)
and H’: Shannon diversity index of macrobenthosaath site of the four studied
localities. Letters indicate significant differesc@mong localities (p < 0.05) as detected

by SNK test. ns: not significant differences améoaglities.

Fig. 5nMDS ordination of macrobenthic assemblages basestjoare-root transformed

abundances and Bray-Curtis similarities in the &iudied localities. Stress: 0.18.

Fig. 6 Distance-based redundancy (dbRDA) plot illustratimg DISTLM model based
on the macrobenthic assemblages and the fitteda@maental variables as vectors

based on DistLM analysis in Table 7 for the assagl



Table 1 Environmental data of the studied localities. Mudian particle size of sediment; @Dsorting coefficient of sediment.

Locality Site Latitude Longitude Depth (m) Md (mm) Sediment type QD® Sorting
Mifio 1 41°5110.0'N 8°5254.00W 13 0.548 £ 0.068 coarse sand 0.485 £ 0.057 ell sgrted
2 41°512.82'N 8°5240.80'W 10 0.435 £ 0.020 medium sand 0.510 £ 0.022 aratdly well sorted
3 41°5044.87'N 8°5244.76'W 135 0.332 £ 0.018 medium sand 0.410 £ 0.058 ell sorted
Ancora 1 41°484. 72N 8°5254.48'W 15 0.162 £0.001 fine sand 0.378 £ 0.009 well sorted
2 41°4837.80N 8°5248.78'W 125 0.164 + 0.001 fine sand 0.371 £ 0.004 well sorted
3 41°4817.47'N 8°534.86'W 13 0.178 £ 0.001 fine sand 0.325 £ 0.002 very well sorted
Gelfa 1 41°4'8.88'N 8°5314.28'W 15 0.239 £ 0.079 fine sand 0.45+0.010 well sorted
2 41°4652.38'N 8°536.84'W 12.5 0.232 £ 0.070 fine sand 0.426 £ 0.051 well sorted
3 41°4634.26'N 8°534.20'W 11 0.169 + 0.002 fine sand 0.375 £ 0.008 well sorted
Lima 1 41°4013.86'N 8°5022.74'W 9.5 0.152 + 0.002 fine sand 0.602 £ 0.015 mateéy well sorted
2 41°3957.73'N 8°5022.50W 10.5 0.140 + 0.008 fine sand 0.599 £ 0.011 moderately well sorted
3 41°3939.72'N 8°5024.43'W 11 0.137 +5.561 10 fine sand 0.578 £ 0.002 moderately well sorted




Table 2 Results of ANOVASs testing differences in coastater variables among

localities;” : p< 0.01;" : p < 0.001% significant;"® not significant. Relevant

significant differences indicated in bold.

Oxygen Salinity Temperature
Source of variation df concentration
MS F MS F MS F
Locality 3  0.0009 9.34 0.0012 411  0.0645 8.82
Residual 8 0.0001 0.0003 0.0073
Total 11
Cochran’s test 0.8525 0.9697 0.8702
Transformation none none none
df NO3 NH3 PO,
MS F MS F MS F
Locality 3 2.1746 1.34 83.500 2.83 0.0247 1.79
Site (Locality) 8 1.6239 45.05° 29.531 0.55  0.0138 8.04~
Residual 24  0.0360 0.0017
Total 35
Cochran’s test 0.2818° 0.1699¢ 0.3314¢
Transformation Sqrt(X+1) none Sqrt(X+1)




Table 3 Results of ANOVAs testing differences in sedinaeptgrain sizes and organic matter content (ingreeme) among localities.p <

0.05;": p<0.01;"": p < 0.001% significant;"* not significant. Relevant significant differendedicated in bold.

Source of variation  df Coarse gravel Fine gravel Very coarse sand Coarsand Medium sand
MS F MS F MS F MS F MS F
Locality 3 0.0002 1.00 0.0208 3.43 0.672411.79 1591.7965 6.34 2716.0566 12.96
Site (Locality) 8 0.0002 1.00 0.0061 2.55 0.05712.88" 251.2306 9.48 209.5186 0.74
Residual 12 0.0002 0.0024 0.0044 26.4955 284.7926
Total 23
Cochran’s test 1.60 0.402% 0.402%° 0.7425 0.5302°
Transformation none none Sqrt(X+1) none none
df Fine sand Very fine sand Silt/clay Organic matte
MS F MS F MS F MS F
Locality 3 3927.4412 2225  868.6802 21.78  115.6667 41.87 0.5483 16.07
Site (Locality) 8 176.5464 1.07 39.8859 1.53 623 1.64 0.0341 0.57
Residual 12 164.8805 26.1224 1.6820 0.0596
Total 23
Cochran’s test 0.5289 0.511%° 0.5007 0.518%
Transformation none none none none




Table 4. Results of ANOVASs testing for differences in tiogal number of individuals
(N), taxon richness (S) and Shannon's diversitgxn@H) of macrobenthos among
localities;”: p < 0.05; : p < 0.001" not significant® significant. Relevant

significant differences indicated in bold.

i N S H’
Source of variation  df VIS = VS = VS =
Locality 3 1157 6.56 27.66 0.58 2.21 5.46
Site (Locality) 8 1.76 7.62°  47.40 7.558°  0.41 2.84
Residual 48 0.23 6.25 0.14
Total 59
Cochran’s test 0.19% 0.26"* 0.32

Transformation Ln (X+1) none none




Table 5 Results of PERMANOVAsS testing differences in gtreicture of macrobenthic
assemblage among localities. Analyses based on-Brayis dissimilarity matrix from
square-root transformed data. All tests used 988aiam permutations. Monte Carlo p-
values were considered for pair-wise test becawsaumber of unique permutations

was lower than 30: p < 0.05;" : p < 0.01. Relevant significant differences intéchin

bold.

Source of variation df MS Pseudo-F Unique perms
Lo 3 15402 2.68 984
Si (Lo) 8 5752.8 5.47 996
Residual 48 1061.6

Total 59

Pair-wise test t

Mifio vs Ancora 1.74

Mifio vs Gelfa 1.92

Mifio vs Lima 2.27

Ancora vs Gelfa 0.89

Ancora vs Lima 1.32

Gelfa vs Lima 0.10




Table 6.Contribution 6i) of individual taxa to the average Bray-Curtisgimilarity among localities that showed signifitdifferences in the

structure of their assemblages.

Species Average Abundance Mifio-Ancora Mifio-Gelfa Mifo-Lima

Miflo Ancora Gelfa Lima di 3i%  di/SD(I) di 3i%  Ji/SDEI) di 3i%  di/SDI)
Pisione parapari 8.9 0 0 0 10.23 13.83 1.25 11.59 1434 1.23 210.12.76 1.24
Nematoda spp. 6.41 0.13 0.23 0.23 7.65 10.34 2,08 855 10.58 2.08 793 944 2.02
Gastrosaccus spinifer 5.75 4.03 101 0.78 748 10.12 1.15 6.66 824 411 6.52 7.76 1.18
Polygordius appendiculatus ~ 6.05 0 0 0 6.78 9.17 11 7.67 9.48 11 7.1 8.45 1.1
Diogenes pugilator 4.24 3.09 154 118 5.38 7.27 1.05 6.89 853 0.9 6.52 7.76 0.92
Spio decoratus 1.24 4.62 341 346 45 6.08 1.04 385 477 154 316 3.77 1.69
Pisione remota 3.01 0 0 0 33 4.46 1.01 3.71 459 1.01 345 4.1 1.01
Bodotria arenosa 0.48 1.86 127 105 214 289 1.36 1.72 212 126 158 1.89 1.09
Bathyporeia tenuipes 0.07 1.58 0.74 057 211 2.85 1.26 11 1.37 0.88 093 11 0.69
Eurydice sp. 1.75 1.38 034 0.33 1.92 2.6 1.14 281 347 1.01 247 294 1.07
Scolelepis squamata 0.36 142 0.09 0.16 1.66 2.24 14 0.73 0.9 068 068 081 0.73
Nototropis fal catus 1.05 1.39 099 0587 1.59 214 0.88 174 215 0.79 14 1.66 0.83
Pontocrates altamarinus 0.28 1.16 14 1.89 15 2.02 1.14 2.01 2.49 1.06 242 2.88 1.66
Calanoida spp. 1.27 0.2 0.42 0 1.47 1.99 0.81 7 2.02.56 0.87 1.59 1.89 0.8
Nephtys cirrosa 0.95 1.58 1.03 0.63 1.32 1.78 1.28 141 1.75 121 127 151 1.24
Micronephtys stammeri 0.56 1.01 0.88 157 1.28 1.73 1.18 1.23 1.52 11 1.62 1.93 1.47
Magelona johnstoni 0.07 0.97 099 126 1.25 1.69 1.02 145 1.79 099 173 205 1.19
Bathyporeia nana 0 0.77 - - 1.06 1.43 0.81 - - - - - -
Urothoe brevicornis 0.19 0.57 0.33 - 0.84 1.14 0.82 0.77 0.96 0.73 - - -
Liocarcinus marmoreus 0.64 0.33 0.07 0 0.84 1.14 1.01 1.06 131 0.97 970 1.15 0.98
Saccocirrus papillocercus 0.65 0 0 0 0.69 0.94 0.63 0.78 0.96 0.64 0.72 860. 0.63
Diastylis rathkei 0 0.48 0.56 1.06 0.65 0.88 0.72 0.77 0.95 0.54 461 1.73 1.37
Spiophanes bormbyx 0 0.51 0.74  0.67 0.65 0.88 0.71 1.04 1.29 0.86 9 0 1.07 0.84
Fabulina fabula 0 - - 1.85 - - - - - - 255 3.04 1.27
Mediomastus fragilis 0 - - 1.33 - -- -- - - -- 1.76 2.1 11
Glyceratridactyla 0.4 - 0.36 0.77 - - - 0.84 104 0.83 1.17 391. 1.05
Nephtys assimilis 0 - - 0.69 - - - - - - 0.97 1.16 0.95
Iphinoe trispinosa 0 - - 0.7 - - -- -- - -- 0.92 11 0.63
Hippomedon denticulatus 0 - - 0.56 - - - - - - 0.77 0.91 0.69
Owenia fusiformis 0 - - 0.5 - - - - - - 0.68 0.81 0.75
Spisula solida 0.45 - 0 0 - - - 0.75 0.93 0.77 0.68 0.8 8.7
Magelona mirabilis 0 - - 0.49 - -- -- 0.67 0.8 0.66
Eocuma dollfusi 0.07 - 0.65 - - - 1.06 1.32 0.83 - - -
Tanaidacea spp. 0.07 -- 0.4 -- -- -- 0.59 0.73 0.59 -- -- --




Table 7. Results of DistLM carried out to ascertain thie @f different environmental

variables, considering forward-selection of vamrahwhere amount explained by each

variable added to model is conditional on varialalkesady in the model (i.e. those

variables listed above it)on the total number dividuals (N), taxon richness (S),

Shannon's diversity index (Hand the structure of macrobenthic assemblagesr%oV

percentage of variance in species data explaindgdatyariable; Cum. %: cumulative

percentage of variance explained. Variables sicpnifily related to macrobenthic

assemblages indicated in bold.

N S
Variable %Var _ Pseudo-F Cum (%) Variable %Var _Psekd Cum (%)
Fine sand 56.30 74.73 56.30 Salinity 24.65 18.97 24.65
Medium sand 356 5.06 59.87 Silt/clay 6.65 557 31.30
Depth 6.02 9.89 65.89 Depth 448  3.91 35.77
Silt/Clay 1.23 2.10 67.12 NO 10.68 10.95 46.44
NO; 1.89 3.29 69.01 N 6.46 7.41° 52.90
Very fine sand 1.52 2.74 70.53 Organic matter 5.59 7.14 58.49
NH; 0.27 0.47 70.79 Very coarse sand 0.46 0.58 58.95
Organic matter 0.44 0.77 71.28 Fine sand 0.85 1.08 59.80
Coarse gravel 0.04 6.2940 71.26 Oxygen 0.12 0.15 59.92
Oxygen 0.03 5.47 10 71.30 Fine gravel 0.34 0.41 60.25
Salinity 0.21 0.36 71.51 Coarse gravel 0.04 0.47 0.64
H’ Assemblage
Variable %Var  Pseudo-F Cum (%) Variable %Var _ Psebid Cum (%)
Silt/clay 46.46  50.33 46.46 Very coarse sand 25.61 20.00° 25.61
Organic matter 2.96 3.33 49.42 Very fine sand 8.27 7.13" 33.88
NH, 1.92 2.21 51.33 Salinity 499 458 38.87
Depth 1.70 1.99 53.03 Fine sand 4.23 4.09 43.11
NO; 2.87 3.52 55.90 Medium sand 422 433 47.33
Fine sand 0.96 1.17 56.86 Silt/clay 3.17 3.39" 50.50
Very coarse sand  0.46 0.56 57.31 Oxygen 412 4.72° 54.62
Medium sand 0.11 0.13 57.42 Coarse gravel 2.853.42* 57.47
Very fine sand 1.56 1.91 58.99 Depth 3.15 4.01° 60.62
Fine gravel 0.05 592710 59.04 NH 2.27 3.00° 62.89
NO; 1.52 2.05 64.41




Table 8 Results of DistLM carried out to ascertain thie if on sets of environmental variables (coasttkewand sediment), considering each
set of variables taken individually (ignoring otlsets) and forward-selection of sets of variabldgre amount explained by each set added to
model is conditional onset already in the model that listed above it) on the total number ofuribals (N), taxon richness (S), Shannon
diversity index (H) and the structure of macrobenthic assemblagesr%dércentage of variance in species data expldipehat set of

variables; Cum. %: cumulative percentage of vaeagxplained. Sets of variables significantly redat® macrobenthic assemblages indicated in

bold.
N S
Set %Var Pseudo-F Cum (%) Set %Var Pseudo-F Cum (%
Sets individually Sets individually
Sediment 69.67 14.65 Sediment 5478 7.72°
Water 63.50 12.93 Water 48.81 7.08"
Sets fitted sequentially Sets fitted sequentially
Sediment 69.67 14.65 69.67 Sediment 54.78 7.77" 54.78
Water 1.84 1.03 71.51 Water 5.85 2.38 60.64
H’ Assemblage
Set %Var Pseudo-F Cum (%) Set %Var Pseudo-F Cum (%
Sets individually Sets individually
Sediment 56.93 8.43" Sediment 57.17 851
Water 37.62 4.48 Water 51.26 7.81°
Sets fitted sequentially Sets fitted sequentially
Sediment 56.93 8.43" 56.93 Sediment 57.17 851 57.18

Water 2.11 0.83 59.04 Water 7.25 3.26° 64.41
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Fig. 4
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Spatial patterns of macrobenthos in shallow sublittoral sediments.
Abundance, diversity and multivariate structure of macrobenthos.

Models selecting main environmental variables shaping macrobenthos.
Most of macrobenthic variability was explained by environmental variables.

Sedimentary variables were more relevant that those of the water column.





