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ABSTRACT 

Microphytobenthos are the most important primary producers in unvegetated intertidal 

sedimentary systems. They are highly influenced by hydrodynamics, but biotic disturbances 

are also major drivers of their structure and productivity. Although sediment-dwelling 

macrobenthos are known to disturb sediment matrices, most studies are restricted to a few 

bioturbating species. There is scant information on the functional effect of macrobenthic 

assemblages as a whole on microphytobenthos. In this study, we analyzed the functional 

relationships between macrobenthos and microphytobenthos on tidal flats across a subtropical 

estuarine gradient, from high-energy saline (i.e. outer sector) to low-energy less saline areas 

(i.e. inner sectors). We used functional diversity indices and biological traits analysis to assess 

the effects of macrobenthic functional diversity and composition on microphytobenthic 

structure. The relationship between macrobenthic functional diversity and microphytobenthic 

biomass and diversity was spatially inconsistent and highly depended on the analyzed sector. 

A gradient in macrobenthic traits was observed along the estuarine system, varying from 

dominance of large-sized, highly bioturbating infauna at the outer sector to dominance of 

small-sized, nonbioturbating epifauna at the inner sectors. This gradient explained trends in 

microphytobenthic species composition across sectors, showing that microalgal assemblages 

in the outer sector were mostly related to dominance of bioturbating macrobenthos. 

Microphytobenthic biomass and diversity showed a bell-shaped relationship across the 

macrobenthic trait gradient, while species evenness increased as bioturbating macrobenthos 

became dominant. These results indicate that, instead of functional diversity, the functional 

identities of the macrobenthic species, expressed by species with different capacities to 

bioturbate the substrate, controlled microphytobenthic structure in this estuarine system. 
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INTRODUCTION 

Macrobenthic species play critical roles in marine coastal ecosystems, as the main secondary 

producers in bottom food webs, serving as food for human populations, and sustaining 

economically relevant fisheries (Ambrose Jr. 1984, Carlson et al. 1997, Chen et al. 2016). 

Soft-bottom macrobenthic species also play a key role in regulating sediment properties and 

biogeochemistry (Snelgrove 1998, Mermillod-Blondin 2011), mostly through their feeding 

strategies, which may increase oxygenation, enhance vertical particle movements and alter 

sediment stability (Kristensen et al. 2012). Benthic bioturbation can also affect nitrogen, 

carbon, and sulfur cycling in marine sediments and thus directly or indirectly affect other 

organisms living in and on the sediment, such as the microphytobenthos (Mermillod-blondin 

and Rosenberg 2006, Kristensen et al. 2012, Birchenough et al. 2012). 

Microphytobenthos are an assemblage of eukaryotic microalgae and cyanobacteria 

species, often the main primary producers in tidal flats and an important food source for 

benthic invertebrates (Underwood and Kromkamp 1999, Kromkamp et al. 2006). They may 

form extensive microbial films on the sediment surface that can be visually identified by 

patchy color patterns. Microphytobenthic assemblages can also have a significant impact on 

sediment biogeochemistry through nutrient consumption and production of extracellular 

polymeric substances (or exopolysaccharides) that have cohesive effects on individual 

particles, contributing to sediment stability by decreasing erosion rates (Widdows and 

Brinsley 2002). Therefore, variation in microphytobenthos across space and time affect not 

only the local primary production, but also the general functioning of the sedimentary system. 

Physical forces are the main drivers of microphytobenthic variation in sedimentary 

systems. The hydrodynamic stress driven by wind, waves, and tidal currents promote major 

resuspension events, affecting microphytobenthic assemblages along large spatial scales (de 

Jonge and van Beusekom 1995). The vulnerability to such disturbances can be modulated by 

macrobenthic species themselves due to increased sediment destabilization via bioturbation 

(de Deckere et al. 2001, Widdows and Brinsley 2002). Experimental studies described 

changes in microphytobenthos structure driven by selective grazing and bioturbation 

(Brustolin et al. 2016), showing that macrobenthic feeding behavior and bioturbation capacity 

also play a role in explaining microphytobenthic variation. Selective grazing on dominant 

microalgal species can promote microphytobenthic diversity and evenness (Hagerthey et al. 

2002), while bioturbation effects on chemical flow in sediments can boost microalgae 

production (Chennu et al. 2015). In addition, habitat forming organisms such as mussels and 

oysters can have drastic effects on local hydrodynamics, promoting sheltered low energy 
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patches where microphytobenthos can thrive (Donadi et al. 2013b). These studies suggest that 

effects of sediment-dwelling fauna on microphytobenthos depends mostly on their functional 

effects on the sediment matrix, mostly explained by their behavioral and morphophysiological 

traits. 

Functional analyses of macrobenthic assemblages have gained popularity in recent 

years (Gusmao et al. 2016, Otegui et al. 2016, Van Der Linden et al. 2016) and have produced 

novel and promising information on the ecology of marine sediments. Most of the proposed 

functional approaches are trait-based techniques that relate species functional traits to the 

structure or functioning of ecological systems. Functional traits are any organismal 

characteristics related to an individual’s performance (i.e. survival, growth, and reproduction 

success) that can directly or indirectly affect one or more ecosystem functions or processes 

(Violle et al. 2007, Mlambo 2014). Two widely used trait-based approaches are the biological 

traits analysis (BTA) and calculation of functional diversity indices (Villéger et al. 2008, 

Laliberté and Legendre 2010). BTA assesses variation trends in the frequency of one or more 

functional traits and associated subcategories (also known as attributes), usually based on 

multivariate ordinations (Bremner et al. 2006b). Functional diversity indices quantify the 

variety of functional traits in an assemblage, and may also be weighted by species abundances 

(Villéger et al. 2008, Laliberté and Legendre 2010). Multivariate indices of functional 

diversity proposed by (Villéger et al. 2008) are relatively recent analytical tools to assess the 

functional diversity of ecological systems and have been applied both to terrestrial and aquatic 

environments (Gerisch et al. 2012, Gusmao et al. 2016). The combined usage of BTA and 

functional diversity indices may provide pragmatic and applied approaches to the functional 

structure of benthic assemblages, as in the assessment of benthic assemblage variation along 

natural and human-induced environmental gradients (Bremner et al. 2006a, Gusmao et al. 

2016).  

Although macrobenthic bioturbation is known to affect overall benthic diversity 

(Alvarez et al. 2013, Brustolin et al. 2016), a major gap remains in the knowledge of how the 

diversity of their functional strategies can influence other benthic compartments such as the 

microphytobenthos. To address this issue, we carried out a field survey to assess the 

functional relationships between macrobenthic and microphytobenthic assemblages in tidal 

flats from high-energy haline to low energy and less saline sectors of Paranaguá Bay, a 

subtropical estuarine system in southern Brazil. Considering that functional diversity based on 

bioturbation related traits would reflect the variety of modes macrobenthic species explore 

and modify their sedimentary environment, we tested two alternative predictions: (1) 
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increasing macrobenthic functional diversity would provide a more heterogeneous 

environment for the microflora and thus would increase microphytobenthic biomass and 

diversity; and (2) increasing macrobenthic functional diversity would be associated to a more 

efficient exploitation of sediment food resources, resulting in decreased microphytobenthic 

biomass and diversity. Whether the microphytobenthic response to macrobenthos be positive 

or negative depending on the microalgal species, we expect that (3) gradients in macrobenthic 

trait composition would co-vary with microphytobenthic chlorophyll a and diversity. The first 

and second predictions were tested by fitting linear models between macrobenthic functional 

diversity indices and microphytobenthic chlorophyll a and diversity. The third prediction was 

tested by fitting linear models between gradients in macrobenthic trait composition and 

microphytobenthic chlorophyll a and diversity.  

 

METHODS 

Study area 

Sampling was carried out in Paranaguá Bay, an estuarine system in Paraná State in southern 

Brazil, in June 2014 (Figure 1). The bay has an average depth of 5.4 m, tidal amplitude is up 

to 2 m, and water residence time about 3.49 days; estuarine hydrodynamics is highly 

influenced by tidal currents (Lana et al., 2001).  

Four sampling sectors were defined were defined in tidal flats across the northern axis 

of Paranaguá Bay (Figure 1): one at the euhaline mouth of the bay (sector 1: Limoeiro, 

25°33,61’S 48°18,96’O); one at the central polyhaline region (sector 2: Perigo, 25°28,35’S 

48°25,92’O); and two located in the inner mesohaline region (sector 3: Mariana, 25º23’26”S 

48°24’48”W; and sector 4: Guapicu, 25°23’20”S 40°20’00”O). The tidal flats at sector 1 are 

adjacent to an island located at the mouth of the bay (Ilha do Mel). The salinity in this sector 

ranges from 27 to 33 psu and the sediment is mainly composed by fine and very fine sand 

(Couto & Savian 1998). Sector 2 includes the tidal flats of Baixio do Perigo, a wide 

sedimentary system characterized by well-sorted fine sand and relatively low organic matter 

content (Noernberg et al. 2006) with salinity ranging from 24 to 28 psu. Sectors 3 and 4 have 

tidal flats with sediment characterized by well to moderately sorted fine sand (Lamour et al 

2004, Krug & Noernberg, 2007). The salinity in these sectors is much more variable and 

ranges from 16 to 27 psu. In the first three sectors, empty shells of the cockle Anomalocardia 

brasiliana are abundant and contribute to the complexity of the sediment matrix.  
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Figure 1: Left: map of Paranaguá bay showing the northern axis (black rectangle) where the samples 

were collected. Right: map of the northern axis showing sampling sectors (black squares) and the 

position of each sampling area within each sector (black circles). Tidal flats are highlighted in light 

gray.  

 

Sampling and laboratory procedures 

At each sector, three areas of 300 x 300 m were stablished at least 500 m apart from each 

other. Within each area, three locations of 50 m x 50 m were randomly delimited, in which 

two sampling sites of 2 m x 2m were established 20 m apart from each other. At each site, two 

squares of 0.5 m x 0.5 m were randomly distributed. Macrobenthos was sampled by taking 

sediment cores (PVC tubes with 15 cm diameter and 10 cm height) in the center of each 

square, resulting in 156 samples. Microphytobenthos were sampled twice in each quadrat 

using plastic syringes as corers (19 mm wide, 30 mm deep). One sample was taken to analyze 

the microphytobenthic species composition, which was immediately fixed in a 4% 

formaldehyde solution. The sample from the second core was taken to quantify the 

chlorophyll a concentrations. These samples were deposited in amber glass bottles and 

immediately stored in a cooling box. Two additional sediment samples were collected with a 

PVC core (4 cm diameter and 7 cm height) in each site to determine sediment texture (grain 

size and sorting coefficient), nutrient concentrations (P, N, and total organic C), and contents 

of organic matter (OM) and calcium carbonate (CaCO3). 
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After the field sampling, macrobenthic samples were fixed in 7% formalin solution 

and later washed in 0.5 mm sieves to separate the organisms. Residues retained in the sieves 

were conserved in 70% ethanol solution and stained with Rose Bengal. Species identification 

and counting were performed with a stereomicroscope. The macrobenthic species were also 

classified according to their association degree to different categories of five functional traits 

(Box 2). The functional traits were: adult size, bioturbation type, adult mobility, feeding 

mode, and depth in the sediment. The classification was made using a fuzzy coding ranging 

from 0 to 3, in which 0 represents ‘no affinity’ and 3 ‘total affinity’ (Chevenet et al. 1994). 

Intermediary values between 0 and 3 were used when one species showed affinity to two or 

more categories of a trait. For instance, omnivorous species would be assigned with scores 1.5 

for both categories carnivore and herbivore of the trait feeding mode. Therefore, the sum of 

the scores of all categories of a trait was always 3. The classifications were based on 

information collected from regional and international literature (Arruda et al. 2003, Rios 

2009, Pagliosa et al. 2012, Jumars et al. 2015, Gusmao et al. 2016); online databases such as 

BIOTIC (www.marlin.ac.uk/biotic), Polytraits (polychaetes.lifewatchgreece.eu), and Marine 

Macrofauna Genus Trait Handbook (www.genustraithandbook.org.uk); and ad hoc opinion of 

local specialists. As a result of this classification, a fuzzy coded functional trait matrix was 

generated. 

The fixed microphytobenthos samples were subsampled and analyzed under a 

microscope using 400x magnification. The species were identified and quantified considering 

their relative abundances. This was done by counting and identifying the first 100 individual 

algae cells observed in each subsample. Shannon diversity (H) and Pielou’s evenness (J) were 

calculated from relative abundances. Samples for pigment content were frozen at -20° C prior 

to the laboratory analysis. Pigments were extracted from 1 g of the frozen sediment by adding 

10 ml of acetone (100%) and storing in dark freezing conditions (-20° C) for 24 hours. Then 

the samples were centrifuged at 2500 rpm for 20 minutes. Chlorophyll a was quantified by 

measuring absorbance differences of the centrifuged solutions before and after addition of 

HCl (1N) using a spectrophotometer (Plante-Cuny 1978). Chlorophyll a content was used as a 

proxy for microphytobenthos abundance/biomass. 

Sediment texture was evaluated by a Microtrac Bluewave laser granulometer that uses 

light refraction technology. Organic matter content (OM) was determined by measuring 

weight variation before and after burning a 5 g sample of dry sediment in a muffle kiln at 

550° C for 60 minutes. Calcium carbonate content was estimated by measuring changes in 

weight of 10 g of dry sediment before and after addition of 20 ml of a hydrochloric acid 
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solution (10% concentration). Nutrient concentrations were estimated following the protocols 

proposed by Grasshoff et al. (1983) and Strickland & Parsons (1972). 

 

Data analysis 

For both macrobenthos and microphytobenthos, core abundance values within each site were 

averaged to get one replicate per site. Therefore, the total number of replicates was 72 for 

macrobenthos, microphytobenthos, and environmental variables. 

The functional diversity of the macrobenthos was quantified using the framework 

proposed by Villéger et al. (2008) and Laliberté & Legendre (2010) based on four 

multivariate indices: functional richness (FRic), functional evenness (FEve), functional 

divergence (FDiv), and functional dispersion (FDis). These indices have been used to describe 

the functional diversity of biological assemblages in terrestrial and aquatic environments 

(Gerisch et al. 2012, Gusmao et al. 2016), and are complementary since they measure 

different dimensions of assemblage functional structure (Laliberté and Legendre 2010). Their 

calculations were based on the multidimensional trait space constructed from an Euclidean 

resemblance matrix of the species traits (i.e. the fuzzy coded scores). FRic is a measure of the 

total range of the functional traits observed in an assemblage and does not account for 

abundances in its calculations. It is mostly affected by adding or removing species with 

extreme or unique trait combinations. FEve estimates how evenly species abundances are 

distributed in the functional trait space and is mostly affected by disproportional changes in 

abundances of species with contrasting trait values. FDiv is an estimate of how species traits 

and associated abundances diverge from the average trait values of an assemblage. It is 

affected by changes in abundances of species with extreme or average trait values. Finally, 

FDis measures the average distances of the species and associated abundances to the centroid 

of the functional trait matrix. It can be affected by both changes in abundances and adding or 

removing species with extreme functional trait values. The four indices were calculated using 

the R package FD (Laliberté and Legendre 2010). Rare taxa (less than 10 individuals in total) 

were not included in the indices calculations. 

The effect of macrobenthic taxonomic and functional diversity on microphytobenthic 

chlorophyll a and diversity was tested using analysis of covariance (ANCOVA) considering 

sector as a spatial fixed factor. This analysis was also used to test the effect of sediment 

texture on macro- and microphytobenthic diversity. Normality of error distribution, 

homogeneity of variances, and presence of outliers were analyzed visually by Q-Q plots, 

fitted versus square-rooted standardized residuals plots, and Leverage versus standardized 
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residuals. ANCOVAs were performed using R 3.3.2 software (R Development Core Team 

2009). 

Variation trends in species composition of the microphytobenthos and macrobenthos 

were analyzed using Principal Coordinates Analysis (PCoA) based on Bray-Curtis 

dissimilarities of square-rooted species abundances. Macrobenthic trait composition was 

analyzed using correspondence analysis (CA) applied to a trait abundances. This trait 

abundance matrix was constructed by multiplying the species abundance matrix (transformed 

to the squared-root) by the fuzzy coded functional trait matrix. Finally, a Principal 

Components Analysis (PCA) was made to visualize trends in spatial variation of the sediment 

biogeochemical variables, including grain size (μm), sediment selection coefficient (μm), total 

organic carbon (mg C/g), nitrogen (mg N/g), phosphorus (mg P/g), organic matter content 

(%), and shell fragments (mg). Mantel tests were performed to correlate environmental 

variables and macro- and microphytobenthic dissimilarities. All the ordinations were 

performed using the R package vegan (Oksanen et al. 2009). 

The relationship between microbenthic species composition and gradients in 

macrobenthic trait composition was assessed using canonical analysis for principal 

coordinates (CAP, Anderson & Willis 2003), considering the first axis of the CA of 

macrobenthic functional trait composition as an independent variable. This produced a visual 

picture of how changes in macrobenthic trait composition affected variation trends in 

microphytobenthic trait composition. Linear models were fitted to test the relationship 

between trait gradient (i.e. first CA axis) on microphytobenthic chlorophyll a and diversity. 

CAP was performed in R using the function capscale() of the package vegan (Oksanen et al. 

2009). 

 

RESULTS 

In total, 55,503 macrobenthic individuals from 92 species were identified and counted. The 

gastropods Heleobia australis and Bulla striata, and unidentified species of Ostracoda sp. and 

Caprellidae sp. were numerically dominant, accounting for 14.1%, 10.1%, 12.9%, and 11.6% 

of the total macrobenthic abundance, respectively. For the microphytobenthos, we identified 

14,400 individual cells from 11 species, with the diatoms Coscinodiscus gigas, Cyclotella sp., 

and Diploneis sp. numerically dominant (25.3%, 24.6%, and 11.9% of the total abundance, 

respectively). 

Macro- and microphytobenthic species composition varied similarly across sectors 

(Figure 2a and 2b; Mantel test: p<0.01, Mantel’s r=0.35). Except for sector 3, differences 
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across areas were also observed for both macro- and microphytobenthos. Variation trends of 

the environmental variables did not follow the same trends as macro- and microphytobenthos 

assemblages, showing clear separation of sector 2 and from the other sectors mostly related to 

gradients in shell weight, CaCO3 content and the concentrations of P and N (Figure 2c, Table 

2). Environmental variables also showed relatively high correlation with the 

microphytobenthic assemblages (p<0.01, Mantel’s r=0.43). This was mostly driven by the 

sediment texture gradient which increasing grain size have an positive effect on 

microphytobenthic chlorophyll a and diversity in all sectors (Figure A1 and Table A1). 

 

 

Figure 2: Multivariate ordinations depicting variation trends in species composition in 

microphytobenthic (a) and macrobenthic (b) assemblages; and gradients in environmental 

variables (c). 

 

Table 2: Averaged environmental variables measured at each sector. 

Variables Sector 1 Sector 2 Sector 3 Sector 4 

shells (mg/corer) 96.78 ± 64.09 135.51 ± 75.56 80.37 ± 33.48 13.06 ± 30.22 

Phosphorus (mg P/g) 2.69x10
-3

 ± 0.6 4.78x10
-3

 ± 0.9 2.72x10
-3

 ± 0.5 3.14x10
-3

 ± 1.1 

Nitrogen (mg N/g) 4.47x10
-2

 ± 2.6 4.72x10
-1

 ± 1.3 5.56x10
-2

 ± 1.7 2.07x10
-1

 ± 0.7 

Carbon (mg C/g) 8.40 ± 1.84 3.79 ± 2.56 5.83 ± 0.93 7.74 ± 4.48 

Organic matter (%) 1.89 ± 0.76 2.03 ± 1.30 1.56 ± 0.91 1.94 ± 0.77 

CaCO3 (%) 5.77 ± 2.52 7.72 ± 3.11 2.64 ± 1.57 2.13 ± 0.81 

Grain size (µm) 191.78 ± 13.30 184.13 ± 24.13 178.69 ± 15.17 194.57 ± 35.93 

Selection coefficient (µm) 56.34 ± 5.85 64.39 ± 9.92 56.29 ± 6.45 75.95 ± 9.67 
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The correspondence analysis depicting variation trends in macrobenthic trait 

composition shows a clear gradient in bioturbation capacity across sectors (Figure 3) from 

small-sized, nonbioturbating epifauna (sectors 2, 3 and 4) to large-sized, highly bioturbating 

infauna (sector 1). Such differences were mostly related to the first axis, that explained a huge 

portion of the total variation (61%). This trait gradient across sectors was related to the 

dominant taxonomic groups in each sector. More precisely, sector 1 was dominated by 

infaunal annelids (Oligochaeta sp. and Armandia sp.), while the other sectors were dominated 

by shallow-infaunal and epifaunal snails (Heleobia australis and Bulla striata) and caprellid 

amphipods. 

 

 

Figure 3: Correspondence analysis depicting variation trends in trait composition of macrobenthic 

assemblages (left). Vectors of the functional trait categories (titles with gray boxes) are shown (right). 

 

 The CAP score depicting variation trends in microphytobenthic species composition 

along the macrobenthic trait gradient (expressed by the first axis of the CA, Figure 3) shows a 

clear separation of sector 1 from the others (Figure 4a), mostly related to increases in the 

relative abundance of Cyclotella sp. and Melosira sulcata (associated to sector 1) and 

decreases in Biddulphia spp (associated to sectors 2, 3, and 4) along the trait gradient. This 

indicates that microalgae species in this sector were mostly related to the presence of highly 

bioturbating macrobenthic species. Microphytobenthic chlorophyll a and species diversity 

depicted a bell-shaped trend along the trait gradient, with peaks associated to sectors 2 and 3 

(Figure 4b-c). These trends indicate that both microphytobenthic biomass and diversity are 

promoted by bioturbating macrobenthos, but only at low to intermediary levels. 

Microphytobenthic species evenness showed a gradual increase along the trait gradient 

(Figure 4d), suggesting that increasing bioturbation mostly impacts dominant microalgae. 
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Although significant effects were detected between macrobenthic functional diversity 

indices FRic, FDiv, and FEve and microphytobenthic chlorophyll a and diversity, the effects 

were highly dependent of the analyzed sector (Figure A3, Table A2). These trends indicate 

that gradients in macrobenthic trait composition are more important than functional diversity 

in explaining microphytobenthic variation across the estuarine system. 

 

 

Figure 4: Effects of the macrobenthic trait gradient (from low bioturbation to high bioturbation; CA 

axis 1 of Figure 3) on microphytobenthic assemblage composition (a), chlorophyll a (b), species 

diversity (c), and evenness (d). 
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DISCUSSION 

Our results indicate that macrobenthic trait composition affects microphytobenthic biomass 

and structure, which is in line with our third prediction. The variation of macrobenthic trait 

composition across the estuarine system described a gradient in bioturbation capacity, which 

had varying effects on different microphytobenthic species. The bell-shaped trend depicted by 

microphytobenthic biomass and diversity along such bioturbation gradient suggests that 

macrobenthic bioturbating activity might promote microphytobenthos at intermediary levels 

of bioturbation. Increasing bioturbation was positively related to microphytobenthic evenness, 

indicating that bioturbation has a major impact on dominant microalgal species. At the highest 

levels of the bioturbation gradient, the disturbance promoted by the macrobenthos possibly 

became too intense for the establishment of a diverse and productive microphytobenthic 

assemblage. Macrobenthic functional diversity had highly variable effects on 

microphytobenthic structure depending on the sectors, showing no consistent trend along the 

estuarine system. This lead us to reject our first and second predictions. Therefore, 

macrobenthic effects on microphytobenthos were mostly related to the abundance of specific 

functional identities, i.e. species with specific combinations of functional traits related to their 

bioturbation capacity.  

The trait gradient observed across sectors reflected differences in macrobenthic 

bioturbation capacity along the estuarine gradient, having species-specific effects on 

microphytobenthic assemblages. More precisely, two microalgae species (Cyclotella sp. and 

Melosira sulcata) were related to increased presence of bioturbators, while one species 

(Biddulphia spp.) was mostly related to non-bioturbators. This reflects the different responses 

of microalgal species to disturbances in the substrate and explains the differences in 

assemblage structure in sectors with high and low macrobenthic bioturbation capacity. Similar 

responses of the microphytobenthos to the presence of bioturbating macrobenthos were 

described by other studies in the same estuarine system (Brustolin et al. 2014, 2016). These 

different affinities of microalgal species to bioturbation also explain the bell-shaped trend in 

microphytobenthic biomass and diversity along the trait gradient, reflecting the intermediary 

disturbance hypothesis (Connell 1978). Thus, intermediary bioturbation levels would 

represent conditions that allow the occurrence of species with both high and low affinity to 

disturbances in the substrate, while the extreme levels of the trait gradient favor specialist 

species. Besides, although it is known that deposit-feeders and biofilm-grazers can affect 

microphytobenthic biomass and diversity (Sommer 2000, Alvarez et al. 2013, Brustolin et al. 

2016), it is unlikely that macrobenthic feeding modes could be driving observed trends in 
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microphytobenthic structure since deposit-feeders were dominant in both inner and outer 

estuarine sectors. Confounding effects related to gradients in environmental variables are also 

unlikely to be occurring since gradients in substrate characteristics were more related to 

variation within sectors (i.e. across areas). Therefore, our results indicate a major effect of the 

macrobenthic trait composition on microphytobenthic assemblage structure in the studied 

estuarine system. 

The low performance of functional diversity indices in explaining microphytobenthic 

structure possibly is related to the way microalgae respond to macrobenthic bioturbation 

capacity. The diversity of bioturbation-related functional traits does not reflect bioturbation 

capacity, but the variety of ways species can explore and disturb the sedimentary substrate. In 

the other hand, the bioturbation capacity of an assemblage depends on the abundance of 

species with specific functional traits, such as large-sized infaunal biodiffusers (Solan et al. 

2004, Queirós et al. 2013). Assemblages dominated by such highly bioturbating species 

would have increased bioturbation capacities than more functionally diverse assemblages. 

Studies have recognized the importance of specific functional identities to explain certain 

ecosystem processes, such as plant resource use and primary production (Mokany et al. 2008, 

Gagic et al. 2015). Macrobenthic species with different feeding and bioturbating traits can 

have contrasting effects on sediment biogeochemistry and associated microphytobenthic 

assemblages (Mermillod-Blondin 2011, Alvarez et al. 2013). In some cases, the presence of 

ecosystem engineers with increased capacity to disturb or stabilize the sediment matrix have 

been associated with higher primary production in tidal flats (Donadi et al. 2013b, Chennu et 

al. 2015). Therefore, we argue that focusing in functional identities should be prioritized in 

assessing the functional effects of the macrobenthos on microphytobenthic structure. 

Although this study covered a large area of Paranaguá bay, including the largest tidal 

flats across its north-south axis, the lack of temporal replication limits our power to develop 

broader generalizations. It is well known that the occurrence of both macro- and 

microphytobenthic species can be influenced by short- and long-term temporal variations 

(Underwood and Kromkamp 1999, Beukema and Dekker 2007). Major changes in 

temperature, light incidence, and nutrient input across seasons are known to drive the 

temporal patterns in microphytobenthic species composition (Oppenheim 1991, Montani et al. 

2003, Méléder et al. 2007). The temporal variation in frequency of disturbances, recruitment 

peaks, and other environmental conditions such as increased number of predators/grazers can 

affect both microphyto- and macrobenthic assemblages (Arntz and Rumohr 1982, Diaz and 

Rosenberg 2008). Besides, seasonal variations can also affect biogeochemical process 
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mediated by the macrobenthos via bioturbation (Braeckman et al. 2010), which could affect 

microphytobenthic assemblage structure. Thus, we strongly suggest that temporally replicated 

sampling designs would improve the analytical power to describe the relationship between 

macro- and microphytobenthos.  

We demonstrated that macrobenthic functional identities, expressed by species with 

different capacities to disturb the substrate, are more important than functional trait diversity 

in explaining the spatial trends of microphytobenthos variation along an estuarine system. 

Microphytobenthic species variously reacted to the increasing presence of highly bioturbating 

infauna, highlighting the importance of sediment disturbance in shaping microphytobenthic 

assemblage structure. Therefore, quantifying the bioturbation capacity of macrobenthic 

assemblages by using indices such as bioturbation potential (BPc; Solan et al. 2004, Queirós 

et al. 2013), or the abundance of specific species with high capacity to affect the substrate, 

represent a valuable approach to assessing the macrobenthic effects on microphytobenthic 

species. Experimental manipulation of the abundance of macrobenthic species with varying 

abilities to affect the sediment, either through bioturbation or sediment stabilization, are 

clearly need to better assess their effects on microphytobenthic assemblage structure. 
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APPENDIX 

 

Figure A1: Fitted linear models describing the effect of grain size gradients in the microphytobenthos 

(a-c) and macrobenthic functional diversity (d-e). 

 

 

 

Figure A2: Fitted linear models describing the relationship between microphytobenthos and sediment 

organic matter content. 
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Table A1: Result of the ANCOVAs testing the effects of sediment grain size and organic matter on 

microphytobenthos and macrobenthic functional diversity. 

Microphytobenthos 

    Chlorophyll a   Microphyto H'   Microphyto J' 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 3.68 0.02   40.37 <0.0001   21.88 <0.0001 

Grain size 1 5.23 0.03   5.62 0.02   14.20 0.0004 

Grain:Sector 3 3.20 0.03   0.97 0.41   0.28 0.84 

                    

    Chlorophyll a   Microphyto H'   Microphyto J' 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 3.86 0.01   37.40 <0.0001   20.30 <0.0001 

O.M. 1 1.11 0.30   4.01 0.05   0.48 0.49 

O.M.:Sector 3 2.76 0.05   0.94 0.43   3.29 0.03 

                    

Macrobenthic fucntional diversity 

    FRic   FDiv   FDis 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 6.00 0.001   7.89 0.0002   1.08 0.37 

Grain size 1 3.94 0.05   2.43 0.12   4.57 0.04 

Grain:Sector 3 3.11 0.03   4.09 0.01   0.65 0.59 

                    

    FRic   FDiv   FDis 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 5.38 0.002   7.53 0.0002   0.89 0.45 

O.M. 1 0.41 0.52   0.18 0.67   1.84 0.18 

O.M.:Sector 3 1.62 0.19   3.66 0.02   1.96 0.13 
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Figure A3: Fitted linear models describing the relationship between microphytobenthos and 

macrobenthic taxonomic and functional diversity.  
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Table A2: Result of the ANCOVAs testing the effects of macrobenthic functional diversity indices on 

microphytobenthos. 

    Chlorophyll a   Microphyto H'   Microphyto J' 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 3.17 0.03   41.37 <0.0001   24.34 <0.0001 

FRic 1 0.64 0.43   0.07 0.80   1.42 0.24 

Sector:FRic 3 1.07 0.37   3.09 0.03   4.97 0.004 

                    

    Chlorophyll a   Microphyto H'   Microphyto J' 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 4.17 0.009   35.38 <0.0001   19.44 <0.0001 

FDiv 1 6.37 0.01   0.20 0.66   1.73 0.19 

Sector:FDiv 3 6.31 0.0008   1.24 0.30   1.50 0.22 

                    

    Chlorophyll a   Microphyto H'   Microphyto J' 

  df F-value p-value   F-value p-value   F-value p-value 

Sector 3 3.5277 0.02   34.82 <0.0001   19.35 <0.0001 

FEve 1 2.6497 0.11   0.30 0.58   0.07 0.79 

Sector:FEve 3 2.9475 0.04   0.84 0.47   1.94 0.13 
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