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Abstract The seasonal and spatial distribution of col-

loidal and capsular extracellular carbohydrates was asses-

sed in three sites in the supratidal flat from Rosales Port

(middle zone of Bahı́a Blanca Estuary, Argentina) where

microbial mats were developed. Extracellular carbohy-

drates, Chlorophyll a, phaeopigments, organic matter and

moisture content were determined in surface (0–5 mm

depth) and subsurface (5–10 mm depth) sediment layers.

No differences in pH, Eh and temperature were observed

among sites but seasonal differences were found in Eh and

temperature. Organic matter content was statistically dif-

ferent among sites being higher in ST3, which has regis-

tered fine sediments. In turn, ST3 differs significantly from

ST1 and ST2 in the Chlorophyll a concentrations in the

subsurface layer and in colloidal and capsular carbohy-

drates content. In the three study sites, the extracellular

carbohydrates concentration was higher in surface sedi-

ment layer than in subsurface layer. In addition, seasonal

differences were found for all sites between surface and

subsurface sediment layers. Maximum extracellular car-

bohydrates concentration was registered when the

Chlorophyll a concentration was high. The relationship

among the physicochemical parameters evaluated, grain

size, Chlorophyll a and extracellular carbohydrates con-

centration allows defining two different areas in the Ros-

ales Port despite the proximity.

Keywords Colloidal carbohydrates � Capsular
carbohydrates � Sediments � Estuarine tidal flat

Introduction

Estuaries have been recognized as dynamic, complex and

unique systems, which are included among the most pro-

ductive marine ecosystems in the world (Chapman and

Wang 2001).

Tidal flats within the marshes are in general sites of

intense organic matter mineralization and nutrient recy-

cling. They act as a buffer system for nutrients in the pore

water, thus playing an important role in controlling the

budget of nutrients and pollutants that reach the sea (Wang

et al. 2011). These areas are considered an essential system

within the food web and contribute greatly to the produc-

tivity of coastal ecosystems because a wide variety of

phototrophic microorganisms colonizes the surface sedi-

ments being a primary source of fixed carbon (Thornton

et al. 2002; Underwood et al. 2004). Such microorganisms,
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in favorable growth conditions (light, nutrients enriched,

sedimentation), may produce macroscopically recognizable

microbial mats, often dominated by the cyanobacterium

Microcoleus chthonoplastes or by visible biofilms of epi-

pelic diatoms that grow within the upper several millime-

ters generally of shallow ecosystems without vegetation

(Pierson et al. 1992; Stal 2000; de Winder et al. 1999).

When the microphytobenthos is abundant, it can help to

stabilize the surface of the sediments (Paterson et al. 1990).

Mats colonization is favored by clean, translucent and fine-

grained quartz sand deposited at sites where hydrodynamic

flow is sufficient to sweep clay minerals from mats surfaces

but insufficient to erode bioestabilized laminae (Noffke

et al. 2002).

The metabolic processes developed in microbial mats

are related to the atmosphere, hydrosphere and sediments

and are closely linked to the biogeochemical cycles of

elements (Villanueva Alvarez 2005). A significant adap-

tation of these organisms to their environment is the

secretion of a range of extracellular materials, commonly

referred to as extracellular polymeric substances (EPS)

which may consist of 90 % or more of polysaccharides

(Hoagland et al. 1993) among other substances such as

proteins, lipids and lipopolysaccharides (Stal 2010;

Underwood and Paterson 2003). EPS act as a buffer against

environmental extremes, providing protection from short-

term pH fluctuations, desiccation, and high salt or toxic

metal concentrations. It may also provide protection

against UV-A/B irradiation (Konhauser 2007). These bio-

logical structures enhance the stability of surface sediment

layer (Paterson et al. 1994; de Brouwer et al. 2005) and

therewith play an important role as a natural coastal

protection.

EPS are a ubiquitous component of marine ecosystems

and their production depends on several factors such as the

cell growth phase, photosynthesis and irradiance, biomass,

and nutrient availability. This mucilaginous substance can

be produced for various reasons as motility of microor-

ganisms, protection against desiccation and predation,

adsorption of dissolved organic matter, attachment to sur-

face and stabilization of the tidal flat (Decho 1990).

Many microorganisms can produce EPS loosely

attached to the cell or even exuded freely in the environ-

ment. Such mucilage (or slime) forms the less condensed

fraction, which probably is produced as a result of unbal-

anced growth in order to dissipate excess energy and is

connected to dissimilatory metabolic pathways. The more

condensed EPS, the capsular EPS, is a structural cell

component, forming a sheath or capsule that reflects the

shape of the cell, which is connected to growth and syn-

thesis of cell (Staats et al. 2000; Stal 2010; Rossi and De

Philippis 2015). Moreover, this organic matrix is under

constant modification and can leave the sediments by

solubilization in water, changes in physicochemical

parameters, bacterial degradation or consumption by

invertebrates (Underwood and Paterson 2003). It also binds

sediment particles and thus contributes to enhance sedi-

ment cohesiveness/stability. Another important function of

EPS is to serve as chelator for cations. Some EPS macro-

molecules contain hydroxyl and/or carboxyl groups that

bind Ca2? and Mg2? inhibiting the CaCO3 precipitation

(Dupraz and Visscher 2005).

Since information on the composition of extracellular

carbohydrates in the tidal plains of South America is lar-

gely missing and considering the hypothesis that the

extracellular carbohydrates content varies depending of the

environmental conditions the aim of this study was to

investigate the spatial and seasonal distribution extracel-

lular carbohydrates content in tidal flat situated in the

middle zone of Bahı́a Blanca Estuary, Argentina. In addi-

tion, the relationship between carbohydrates and chloro-

phyll a concentrations, and among the physicochemical

parameters in the sediments (pH, temperature, Eh and grain

size) and the flooding of the tidal flat were evaluated.

Materials and methods

Study area and sampling site

The Bahı́a Blanca Estuary (BBE, 38� 450–39� 40́S; 61�
450–62� 300W) located in the SW area of the Buenos Aires

Province, Argentina (Fig. 1) is a mesotidal estuary (Perillo

et al. 2001). The mean tidal amplitude ranges from 2.2 to

3.5 m, the spring tidal amplitude ranges from 3 to 4 m, and

the highest tidal amplitudes occur near the head of the

estuary (Perillo et al. 2001). The estuary is formed by a

series of NW to SE oriented tidal channels separated by

extensive tidal flats, salt marsh patches, and islands (Perillo

1995). The total surface of the system is *2300 km2, of

which 1150 km2 are intertidal, 740 km2 are subtidal, and

410 km2 are islands (Piccolo et al. 2008).

The sampling site is located at the middle zone of this

estuary, in Rosales Port (38� 550S; 62� 030W), which is

situated in the northeast coast of BBE (Fig. 1). It is char-

acterized by a dry temperate climate with a mean annual air

temperature of 15.6� C, a low mean rainfall (460.5 mm)

and a high rate of evaporation (Piccolo and Diez 2004).

Water exchange within the estuary is regulated by a

semidiurnal tidal wave cycle, which floods the extended

mud flats twice a day. On average accumulated solar

radiation on cloudy days is 28 MJ m-2 in summer and

11 MJ m-2 in winter (Beigt 2006).

This study area is a siliciclastic depositional system with

extensive tidal flats (*1000 m wide) and a gentle slope

(gradient *0.4). The sediment surface shows a bimodal
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particle size distribution, ranging from fine-medium sand to

silt (Cuadrado and Pizani 2007). Local winds from the SW

to NE (with NW direction) are common in this area. The

wind speed presents its maxima in summer and minima in

autumn and winter; the monthly average speed is between

15.9 and 32 km h-1 (Piccolo and Diez 2004). Water level

is markedly influenced by wind direction, during strong SE

winds the tidal flat is covered by water during high tide. On

the other hand, when northern winds predominated, the

tidal flat rarely is covered by water and the area remains

subaerially exposed. The cordgrass Spartina alteniflora

colonizes the intertidal zone and partially attenuates

hydrodynamic energy that reaches the supratidal zone,

where small patches of Sarcocornia perennis are present.

Therefore, the intertidal zone of the flat studied is flooded

daily by the tide, while the supratidal zone is reached

eventually in syzygy conditions (twice a month) or during

storm events. This vegetation shield protects the sampling

site from deposition or erosion, promoting a low

sedimentation rate and favoring the colonization of benthic

microbial communities that form biofilms and microbial

mats. The microphytobenthos from Rosales Port is con-

stituted by a cyanobacteria filamentous and diatoms asso-

ciation. Within the first group, the dominant species is

Microcoelus chthonoplastes (cosmopolite and typical

mature mats), although Oscillatoria sp. and Arthrospira sp.

are also present. The observed diatoms are mainly pen-

nadas, dominated by generous Nitzschia and Navicula (Pan

et al. 2013a, b). This association of microorganisms on the

sediment forms a coherent layer of variable thickness,

named epibenthic microbial mat (Noffke et al. 2001). This

layer is composed of cells embedded in mucilage and fil-

aments generating an interlocking network or fibrillar mesh

condensed (condensed fibrillar meshwork, Gerdes et al.

2000) that contains some mineral grains.

In unvegetated zone, two sampling sites (ST1: 38� 550

1700S; 62� 030 4200W and ST2: 38� 550 1300S; 62� 030 5400O)
located in the lower supratidal zone and a third site (ST3:

Fig. 1 Map of Bahı́a Blanca Estuary showing the location of Rosales Port and the study sites: site 1 (ST1), site 2 (ST2), and site 3 (ST3)
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38� 550 0700S; 628 030 5400W) located in the upper supratidal

zone, were selected based on the sedimentologic charac-

teristics and preliminary field observations (Fig. 1). ST1 is

210 and 430 m distant from ST2 and ST3, respectively.

ST1 is characterized by patches bioturbated by the bur-

rowing crabs Neohelice granulata and contains coarser

sediments than ST3. On the other hand, the finer sediments

of ST3 are undisturbed by macrozoobenthos. ST2 is an

intermediate site between the other two sites, with absent

macrozoobenthos and grain size is similar to ST1. The

substrate of the tidal flats experiences large fluctuations in

water content, salinity and temperature, resulting in

extreme conditions that limit the range of organisms cap-

able of living in this environment (Cuadrado et al. 2011;

Pan et al. 2013a, b).

Sampling

Samples of undisturbed sediments were collected in the

tidal flats of Rosales Harbor between July 2012 and

February 2013 (From middle winter to middle summer in

Southern Hemisphere). Sampling was consistently done

during daylight emersion periods (mid-morning to

midday).

Sediments samples for determination of grain size,

moisture, organic matter and carbohydrate content were

collected in duplicate with small PCV cores (35 mm i.d;

120 mm long). For chlorophyll a and phaeopigments

determination, sediments samples were taken in triplicated

using mini cores (11 mm i.d; 40 mm long) and kept in dark.

On the basis of existing information about the compo-

sition of microbial mats and physicochemical conditions of

the first millimeters (0–10 mm depth) of sediment in the

study area (Pan et al. 2013b; Spetter et al. 2015) it was

decided to separate in situ the sediment into two layers:

surface sediment layer (0–5 mm depth) and subsurface

sediment layer (5–10 mm depth). All the samples were

immediately transported to the laboratory in refrigerated

boxes.

Simultaneously, temperature, pH and Eh in surface

sediment were in situ measured using a Hanna Instruments

probe (model HI991003).

Laboratory analysis

In the laboratory, moisture, organic matter and sediment

grain size were determined for both sediment layers.

Moisture content (%H) was calculated from weight dif-

ferences before and after drying samples at 105 ± 5 �C up

to constant weight (between 12 and 24 h) (Christie et al.

2000). Organic matter content (%OM) was calculated form

weight loss on ignition (LOI) after drying samples and

ashing/combusting at 450 ± 50 �C for 1 h in a muffle

furnace (Dean 1974; Buhl-Mortensen 1996). Sediment

grain size was determined by laser diffraction using a

Malvern-Mastersizer-2000 particle analyzer, for particles

ranging between 0.2 and 2.000 lm (i.e., colloids to sand).

Before analysis samples were treated with hydrogen per-

oxide to eliminate organic materials.

For pigments determination, surface and subsurface

sediments were preserved in foil envelopes at -20 �C until

analysis. The chlorophyll a (Chla) and phaeopigments

content was analyzed using the method of Strickland and

Parsons (1968). Sediment samples were extracted with

acetone 90 %, immersed in an ultrasonic bath at a con-

trolled temperature, and then refrigerated in the dark at

-4 �C for 24 h. Then the samples were centrifuged and the

supernatant separated. The pigments concentrations were

determined by spectrophotometry (Jenway 6715 UV–Vis)

using the equations of Lorenzen (1967). The results were

expressed in lg g-1 sediment dry weight.

To evaluate extracellular carbohydrate content (CH)

surface and subsurface sediments were kept at -20 �C in

petri dishes until analysis. For the analyses, each fraction of

wet sediment was homogenized and *1 g of each one was

incubated in distilled water (1 h, 30 �C) and then cen-

trifuged for 15 min. Carbohydrate remaining in the super-

natant was referred to as colloidal fraction (CF) (de Winder

et al. 1999). Subsequently, the remaining pellet was treated

with 100 mM EDTA at room temperature for 4 h. The

carbohydrates present in the supernatant after further cen-

trifugation for 15 min were referred to as capsular fraction

(CAPF) (de Winder et al. 1999). The concentration of both

fractions was quantified by the spectrophotometric method

of Dubois et al. (1956) using a glucose standard solution and

expressed in lg glucose equivalents per g of dry weight of

sediment (lg g-1 eqGlu ds).

Statistical analysis

Seasonal and spatial differences in Chlorophyll a,

phaeopigments, colloidal and capsular carbohydrates,

organic matter and moisture content values were tested by

two and three-way analysis of variance (ANOVA)

followed by a priori (LSD Fisher test) analysis for pair-

wise comparisons. Two-way analysis of variance without

replica was employed to evaluated seasonal and spatial

differences for physicochemical parameters. Data trans-

formations were performed to check applications condi-

tions (homoscedasticity and normality). Chlorophyll a and

phaeopigments values were Ln (x ? 1) transformed. Col-

loidal and capsular carbohydrates values were log x

transformed. In addition, the correlation (r) between CF

and CAPF was tested using Pearson correlation coefficient.

All statistical analyses were carried out using InfoStat (Di

Rienzo et al. 2015), following Zar (1996).
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Data presented in tables and figures represent mean

values and standard error (SE). The acceptable level of

statistical significance was 5 %.

Results

Temperature, Eh, pH

During the study period the temperature values in the

surface of sediments (0–5 mm) for whole tidal flat varied

from 8.5 to 24.9 �C (Table 1). There were significant

seasonal differences (p\ 0.001), where the months July

and August differ from the rest, and no significant differ-

ences between the sampling sites (p = 0.142) were

found (Table 2).

The pH values in the sediment surface were similar in

the three sites (Table 1). Considering the whole tidal flat,

the pH mean value was 6.8 ± 0.1. In addition, there were

no significant differences between sites (p = 0.888) and

sampling seasons (p = 0.431) (Table 2).

The Eh mean values were positive for the three sites

(Table 1). However, negative values were observed in

September for the three sites. In ST1 and ST2 the Eh values

were more variable than in ST3 and without a defined

pattern. This site showed low values in winter and spring

(-32 to 35 mV), and high values in summer (300 to

371 mV). Besides, there were no significant differences

between sites (p = 0.946) but there were significant sea-

sonal differences (p\ 0.05) (Table 2).

Organic matter, moisture content and grain size

Average moisture content in sediments was the highest in

ST3 (Table 3). This site differed significantly (p\ 0.0001)

from ST1 and ST2 in the moisture retention (Table 4).

Considering surface and subsurface sediment layers signif-

icant seasonal differences were found (p\ 0.05) (Table 4),

and the moisture content tended to be lower at in subsurface

sediment layer (Table 3). This was observed during the cold

season in ST1 (July, August; p = 0.002) and ST2 (July;

p = 0.0001), while ST3 showed an undefined pattern

(Fig. 2).

In general, OM content showed the same tendency that

moisture content with lower mean values in subsurface

sediments (Table 3). The OM content showed a seasonal

variation pattern different for each site (Fig. 2). ST1 did not

showed seasonal differences (p = 0.11), while the results

evidenced marked seasonal differences between surface and

subsurface layers in ST2 and ST3 (p\ 0.05) (Table 4). In

all the sites, no significant differences among sediment

layers were found (p[ 0.05) (Table 4). During spring

(October and November) high OM content in upper layer

was registered, reaching values of 11.0 ± 1.7 %,

Table 1 Summary of

physicochemical characteristics

of tidal flat from Rosales Port

(mean ± SE, n = 5)

Site Position pH Eh (mV) Temperature (�C)

Mean ± SE Min Max Mean ± SE Min Max Mean ± SE Min Max

1 38� 550 1700S;
62� 030 4200W

6.9 ± 0.6 5.5 8.5 38 ± 48 -125 172 15.5 ± 3.0 8.5 24.9

2 38� 550 1300S;
62� 030 5400O

6.6 ± 0.3 5.9 7.3 114 ± 52 -21 284 16.3 ± 2.1 12.0 21.8

3 388 550 0700S;

628 030 54’’W

6.8 ± 0.3 6.3 7.5 142 ± 62 -32 371 16.8 ± 1.7 12.3 21.8

Table 2 Summary of results of

analysis of variance (two-way

ANOVA without replica) in

surface sediment layer

Variables LSD Site Month J A S O N

Temperature A

A

A

ST1

ST2

ST3

29.0** A A B C D

pH A

A

A

ST1

ST2

ST3

Ns A A A A A

Eh A

A

A

ST1

ST2

ST3

7.03* AB BC AB C A

S site, M month (J July, A August, S September, O October, N November, D December, Ja January,

F February)

LDS at 5 %; ns not significant, * P\ 0.05, ** P\ 0.01
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17.9 ± 0.9 %, 29.2 ± 6.6 % for ST1, ST2, and ST3,

respectively. The OM percentage were statically different

among sampling sites (p\ 0.05), being higher in ST3.

The granulometric analysis of sediments evidenced a

unimodal composition at ST3, which was vertically and

spatially homogeneous presenting mainly fine sediments

(silt and clay) (Table 3). In ST1 and ST2, surface and

subsurface sediments showed bimodal grain distribution.

Muddy sediment characterized the surface layer and sandy

sediment is present in the layer below (Table 3).

Distribution of chlorophyll a (Chla)

and phaeopigments

The pigments concentration presented different behavior in

each sampling sites and in each sediment layers during the

study period (Fig. 3). In ST1, the Chla and phaeopigments

content decrease from winter to summer season for surface

and subsurface layers. In ST2, both pigments increased

during spring season, reaching its maximum value in

the surface layer during September (20.4 ± 2.2 and

Table 3 Organic matter content and moisture content (Mean values ± SE; n = 16) and grain size of three sampling sites at Rosales Port during

the study period

Site Layer (mm) % Moisture % Organic matter Grain size

Mean ± SE Mean ± SE Winter Summer

% Mud % Sand % Mud % Sand

1 0–5 22.8 ± 2.7 6.5 ± 1.2 75.8 24.2 47.4 52.6

5–10 19.4 ± 1.1 5.9 ± 1.2 54.5 45.5 15.3 84.7

2 0–5 24.0 ± 2.5 7.1 ± 2.3 77.0 23.0 46.6 53.4

5–10 19.5 ± 1.5 8.2 ± 1.8 62.1 37.9 39.2 60.8

3 0–5 30.9 ± 2.9 12.8 ± 2.7 99.6 0.4 98.0 2.0

5–10 28.5 ± 2.5 10.4 ± 1.9 98.1 1.9 97.4 2.6

Table 4 Summary of results of analysis of variance (three-way ANOVA) and LSD test

Variables M 9 F 9 S (F) LSD Sitio M 9 F (F) Monthly significant differences (surface[ subsurface)

%H 6.53** A

A

B

ST1

ST2

ST3

19.6**

51.5**

22.3**

S[ J = A

J[S[O

S[O = F[N

%MO 2.38* A

A

B

ST1

ST2

ST3

Ns

5.01*

Ns

NMA

N

O

CF 2.71* A

A

B

ST1

ST2

ST3

88.1**

60.6**

93.9**

J[A = S[O

S[ J[A[O

A[N[ J = O

CAPF 4.22 ** A

A

B

ST1

ST2

ST3

71.2**

16.9**

250.2**

S[A = J

S[A = J

J[A[O[S = N = D

Chla 8.40** A

B

C

ST1

ST2

ST3

24.3**

211.4**

25.0**

J[A[F

S[O[A = J[D[N

O[ Ja[A

Phaeop 3.23 ** A

B

C

ST1

ST2

ST3

24.3**

211.4**

25.0**

J[A = D[F

S[A

J[A

Moisture content (%), Organic Matter content (%), Carbohydrates Colloidal (CF) and Capsular (CAPF), Chlorophyll a (Chla) and phaeopig-

ments (phaeop)

F fraction, S site, M month (J July, A August, S September, O October, N November, D December, Ja January, F February)

NMA None analyzed month

LDS at 5 %; ns not significant, * P\ 0.05, ** P\ 0.01
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24.7 ± 2.9 lg g-1 for Chla and phaeopigments, respec-

tively) and tended to decrease towards summer. ST3 pre-

sents higher Chla concentrations than ST1 and ST2

(Fig. 3). In addition, ST3 showed irregular patterns for

Chla and phaeopigments with mean values ranged,

respectively 6.1–21.3 and 7.0–25.9 lg g-1, and 2.0–18.1

and 7.6–29.4 lg g-1 for surface and subsurface layers. In

addition, significant seasonal differences were found in the

Chla and phaeopigments concentrations in surface and

subsurface sediment layers for each site (p\ 0.01) (Fig. 3,

Table 4). For the three sites Chla content was higher in the

surface sediment layer (nd—21.3 lg g-1) than in the

subsurface sediment layer (nd—18.1 lg g-1). Significant

differences were found in Chla concentration between sites

for the surface layer (p\ 0.0001); while ST3 differs sig-

nificantly from ST1 and ST2 for the subsurface layer

(p\ 0.0001). On the other hand, there were also significant

differences in phaeopigments concentration in the subsur-

face layer where ST3 significantly differed from ST1 and

ST2 (p\ 0.05) (Table 4) .

Distribution of colloidal (CF) and capsular (CAPF)

carbohydrates

The carbohydrates production in sediments showed a sea-

sonal variation different for each site and fractions (Fig. 4).

Fig. 2 Seasonal variation of moisture and organic matter content in ST1 (a, d), ST2 (b, e) and ST3 (c, f) for surface (0–5 mm) and subsurface

(5–10 mm) sediment layers at Rosales Port (mean ± SE; n = 2)
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In ST1, CF and CAPF concentration in surface the layer

increased in winter (July–August) and decreased in spring

(September–November) (Fig. 4). Similar behavior was

observed in ST3, with elevated concentrations of carbo-

hydrates in winter and lower in spring-summer in the

surface layer. Differently from the previous cases, ST2 was

more irregular presenting a less clear pattern (Fig. 4). The

results showed that ST3 differs significantly from ST2 and

ST1 in the colloidal (p = 0.018) and capsular (p = 0.011)

carbohydrates content (Table 4). In addition, seasonal dif-

ferences were found for all sites between surface and

subsurface sediment layers (p\ 0.05) (Table 4).

In the sediment surface layer, maximum values forCF and

CAPF were found in August (459.45 ± 21.73 and

335.70 ± 1.26 lg eqGlu g-1dw) and September (546.85 ±

66.61 and 269.20 ± 62.70 lg eqGlu g-1dw) for ST1 and

ST2, respectively. However, in ST3 both fractions showed a

maximum concentration on July for CAPF (818.51 ±

0.41 lg eqGlu g-1dw) and on August for CF (893.84 ±

67.92 lg eqGlu g-1dw) (Fig. 4). CF in surface layer varied

from 14.01 to 459.45 lg eqGlu g-1dw, 19.28 to 546.85

lg eqGlu g-1dw, and 81.68 to 893.84 lg eqGlu g-1dw for

ST1, ST2 and ST3, respectively. On the other hand, theCAPF

ranged from 40.40 to 335.70 lg eqGlu g-1dw, 12.70 to

269.20 lg eqGlu g-1dw, and 130.04 to 818.50 lg eqGlu

g-1dw for ST1, ST2 y ST3, respectively. Contrarily, in the

subsurface layer the CF and CAPF contents were lower and

practically constant in all sites.

The extracellular carbohydrates total was calculated as

the sum of CF and CAPF. The contribution of these frac-

tions is shown in Fig. 5. CF was predominate in surface

sediment layer (60 %) while in subsurface sediment layer

the CAPF was predominant (75 %) in the three sites

throughout the entire period studied.

CF correlated significantly with Chla in ST1 (r = 0.82;

p = 0.014) and ST2 (r = 0.96; p = 0.003) for surface

Fig. 3 Variation of Chla and pheopigments concentration in surface (0–5 mm) and subsurface (5–10 mm) sediments in the three studied sites at

Rosales Port during July 2012–February 2013 (mean ± SE; n = 3)
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sediment layer, while in ST3 (p = 0.19) no correlation was

found with CF. For the same sediment layer (0–5 mm)

there was no correlation between CAPF and Chla in ST1

(p = 0.09) and ST3 (p = 0.09), but there was correlation

in ST2 (p = 0.0048). When CAPF were plotted against

CF, the sites within tidal flat appeared to cluster (Fig. 6).

Discussion

Physicochemical variables in sediments

Species occurrence and abundance in microbial mats are

strongly influenced by different physicochemical parame-

ters at microscale (Franks and Stolz 2009). The

combination of these parameters creates unique environ-

ments that support microbial mats communities.

The pH values in surface sediments reported in this

work (pH 5.5–8.5) did not vary between sites and were

close to neutral values (*6.8). Similar values were

reported by Spetter et al. (2015) and Negrin et al. (2013) in

previous studies for this area of Bahı́a Blanca estuary and

they were coincident with the pH values found in other

estuarine sediments (5–7) in the world (Caçador et al.

2004; Reddy and DeLaune 2008).

The ranges of Eh for each site were different; despite

this difference, sediments in the three sites were consid-

ered moderately reducing (Cronk and Fennessy 2001;

Reddy and DeLaune 2008). Sediment Eh values could be

a good indicator of the reaction(s) involved in the

Fig. 4 Seasonal variation of colloidal (CF) and capsular (CAPF) Carbohydrates in surface (0–-5 mm) and subsurface (5–10 mm) sediment

layers (mean ± SE; n = 2)
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decomposition of organic matter, which in turn is related

to the available electron acceptors. At Eh between 400

and 600 mV, oxygen is the most preferred electron

acceptor for microorganism. Once oxygen is depleted,

other electron acceptors are used, at different Eh values.

The mean Eh reported in this study (98 ± 9 mV) suggests

that the oxidation of the organic matter is being per-

formed by the reduction of iron (at 120 mV) (Cronk and

Fennessy 2001; Reddy and DeLaune 2008), as has been

previously reported in this area (Spetter et al. 2015). The

effect of flooding on Eh may be related to the fluctuation

of the water level which can regulate the oxygen con-

centration and, in consequence, the redox potential in

sediment. Thus, high values of Eh observed in ST3 might

be due to its location (upper supratidal area) where the

plain is exposed during several days and when is flooded

the duration is shorter (Fig. 7); thus the tidal flat sedi-

ments remain longer time exposed to air and oxygen can

penetrate into the sediments.

Temperature is other key factor that regulates the bio-

geochemical process in sediments and soils, influencing the

growth, activity, and survival of microorganisms (Reddy

and DeLaune 2008). The temperature of sediments, in this

work, followed the seasonal fluctuation, with low values in

winter and high in summer.

Organic matter, moisture content and grain size

The quantity and quality of organic matter (OM) in surface

sediments is an important factor influencing the structure

and metabolisms of the benthos (Graf et al. 1983; Mills

1975). The tidal flats play a very important role in the

production and remineralization of organic matter and the

OM content is highly associated with primary production

and microbial respiration. Considering in this work that

fine sediments are rich in organic matter, due to elevated

productivity of benthic microalgae during winter (au-

tochthonous production) the highest OM content registered

Fig. 5 Contribution of fractions extracted sequentially to total carbohydrates estimated in the tidal flat from Rosales Port. Figures a, c, and
e correspond to the surface sediment layer; b, d, and f correspond to the subsurface sediment layer. ST1: (a and b); ST2: (c and d); ST3: (e and f)

Fig. 6 Relation between average colloidal (CF) and capsular (CAPF)

carbohydrates for the surface and subsurface sediment layers in the

studied sites
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at ST3 could be associated to mud size sediments. On the

other hand, the presence of the burrowing crab Neohelice

granulate could influence the organic matter content at ST1

and ST2. This organism produces intense bioturbation,

which not only affects the structure and geochemistry of

the substrate, but also generates a large volume of material

available to be redistributed in the flat, especially during

times of increased activity (summer–autumn) (Mendez

Casariego et al. 2011). In addition, the differences observed

among sites can be attributed, as mentioned above, to the

fact that ST3 is flooded less frequently than the other sites,

and the dissolution rate of organic matter is lower as has

been previously observed in this area (Spetter et al. 2015).

Moisture retention in the different sediment layers was

related to sediment grain size. ST3 showed the highest

moisture retention due to the higher percentage of muddy

sediments. This difference in the water content was

observed despite the ST3 was less flooded with lesser

frequency as has been previously reported in this area

(Spetter et al. 2015).

Chlorophyll a and extracellular carbohydrates

Pigment concentration was used as an estimation of pho-

totrophic population biomass. About 65–85 % of the pig-

ments were concentrated in the surface sediment layer, due

to photosynthesis process is carried out in thin zone photic,

which is defined as the depth at which light intensity is

reduced to 1 % of incident intensity (Pinckney 1994; de

Winder et al. 1999). On the other hand, significant differ-

ences in the Chla concentration in surface and subsurface

layers among sites from tidal flat in Rosales Port were

observed where the surface sediment layer showed values

of ST3[ST2[ ST1. Chla concentrations registered in

this work were lower than other tidal flats where biofilms

and microbial mats develop (de Winder et al. 1999; Staats

et al. 2001; Moreno and Niell 2004; Stal 2010) and similar

values were reported by Spetter et al. (2015) for the same

middle zone and by Dupré (2012) for the inner area (where

biofilms of diatoms also are present) from Bahı́a Blanca

Estuary. Seasonal variation in Chla concentration was

observed in this study with reduced concentrations in

summer. At this respect, Pan et al. (2013a) has shown that

sediment temperature and the irradiance control the sea-

sonal variation of microphytobenthos but not the size of

grain despite the different granulometric composition of

the sediments. Thus, one plausible explanation resides in

the increase in evaporation/desiccation rates in the tidal

flats. However, ST3 presented elevated Chla concentra-

tions along all studied period probably related to the high

moisture content and the absence of predators. Moreover a

similar seasonal dynamic was reported by Spetter et al.

(2015) for ST1 and ST3.

Extraction of extracellular carbohydrates from cultures

and natural sediments is highly dependent on the protocol

used, as well as physiological status of the cells and the

biochemical properties of the carbohydrates (Underwood

and Paterson 2003). The carbohydrate concentrations in

the three studied sites showed a seasonal variation. CF

was the predominating fraction in surface sediment layer,

whereas CAPF predominated in subsurface sediment

layer. De Winder et al. (1999), reported that the

cyanobacterial mats contained more capsular carbohy-

drates than colloidal in top 5 mm of sediments, while in

the diatom biofilm this pattern was inverse, therefore we

might assume that the microphytobenthos of the surface

sediment layer could be dominated by diatoms. On the

other hand, the sampling was carried out during daylight

emersion periods, where the microorganisms migrate to

surface sediments and maximum production of extracel-

lular polysaccharides occurs. In addition, de Brouwer and

Stal (2001) and de Brouwer et al. (2003) has reported that

during an emersion period colloidal carbohydrates are

twofold to tenfold increased. In this tidal flat, Pan et al.

(2013a) has reported that colloidal carbohydrate content

varied fivefold throughout a half-tidal-cycle. Moreover, de

Fig. 7 Daily frequency of tidal flat inundation at Rosales Port based on semidiurnal tidal height data from a tidal gauge located at 5 km into

inner Bahı́a Blanca Estuary. Sampling dates are indicated with orange circles. When tidal height was[4.2 m, ST3 was flooding
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Brouwer et al. (2003) showed that colloidal carbohydrates

in the diatoms biofilms are correlated with Chla, but not

with the capsular carbohydrates. On the other hand, the

same authors showed that neither colloidal nor capsular

carbohydrates in the cyanobacterial mat correlated with

Chla. In this study, for 0–5 mm sediment depth no cor-

relation between CAPF and Chla was found in ST1 and

ST3 but, only in ST1 and ST2, showed significantly

correlation between CF and Chla. Moreover, other

authors observed a different behavior of CF and CAPF

for biofilms and microbial mats. So, Staats et al. (2001)

found that both carbohydrates fraction are correlated with

Chla in sediments colonized by diatoms.

Many authors have employed the model of Underwood

and Smith (1998) to evaluate the relationships between

Chla and colloidal carbohydrates. With this model, the

extracellular carbohydrates concentration in intertidal

mudflats can be predicted from sediments Chla content

(Staats et al. 2001; Thornton et al. 2002; de Brouwer et al.

2003; Bellinger et al. 2005) using this relation:

Log: (Coll: Carbohydrate content + 1) ¼
1:40þ1:02 log (Chla content + 1)

This correlation is valid for intertidal mudflats where

epipelic diatoms constituted more than 50 % of the

microphytobenthos assemblage. The assemblages domi-

nated by cyanobacteria did not show this pattern (Under-

wood 1997). The model was tested with CF and Chla data

for all the study period in the surface S layer, and com-

parable relationship was found in this study: Log: (Coll:

Carbohydrate content + 1) ¼ 1:18 þ 1:03 log (Chla

content + 1Þ, which explained 58 % (r = 0.76, p\ 0.01,

n = 16) of the variability of CF in the surface layer. All

this suggests that most of the content of CF determined in

the tidal flat sediments is excreted by epipelic diatoms

present. On the other hand, the seasonal differences showed

by CF could be associated to the flooding frequency of the

tidal flat, because colloidal carbohydrates are soluble in

water and are quickly metabolized by microorganisms (Stal

and de Brouwer 2003). In the subsurface layer CAPF was

the predominating fraction (75 %) probably because this

type of carbohydrates binds tightly to the sediment by their

negatively charged groups and being not washed out during

inundation. The EDTA-extractable EPS is not or only

slightly subjected to degradation; therefore may accumu-

late in the sediment and is probably recalcitrant to

decomposition (de Winder et al. 1999).

When CAPF was plotted against CF, ST3 showed a

clearly different behavior than ST1 and ST2, which could

be associated to finer grain size and moisture content since

finest sediments better retain the carbohydrates and when

moisture increases, carbohydrates synthesis is stimulated

(Stal 2010; Rossi and De Philippis 2015).

Conclusion

This is the first time that seasonal and spatial variability of

carbohydrates are evaluated in the tidal flats colonized by

microbial mats (in the middle zone of Bahı́a Blanca

Estuary, Argentina). The parameters evaluated showed

seasonal and spatial differences. CF was predominant in

surface sediment layer (60 %) while in subsurface sedi-

ment layer the CAPF was predominant (75 %) in the three

sites throughout the entire period studied. Maximum

extracellular carbohydrates concentration was registered

when the Chlorophyll a concentration was high. The

relationship among the physicochemical parameters, size

grain, flooding, chlorophyll a and extracellular carbohy-

drates concentration allow defining two different areas in

the Rosales Port despite the proximity. ST3, located in the

upper supratidal area from Rosales Port behaved differ-

ently to ST1 and ST2 located in lower supratidal area.

Mainly, grain size and moisture content, act contributing to

the high carbohydrate production. Thus, this work con-

tributes to a better understanding of the carbohydrates

sediments dynamics of tidal flats in estuaries.
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