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During two cruises in February and June of 2003, the erodibility of

sediment along the western Adriatic Sea was measured using a "Gust erosion

chamber". In addition, the surficial sediment properties were characterized through

a suite physical and biological measurements including porosity, grain-size,

inorganic carbon, organic carbon and colloidal carbohydrate. Comparisons were

made between the sediment properties and erodibility to gain insight into the

controls on sediment erodibility operating in the study area.

Sediment erodibility along the western Adriatic sea varied both in time and

space. Patterns of erodibility were governed primarily by physical factors in the

wintertime and were possibly controlled by benthic biology in the summer. in

particular, porosity and grain-size of surficial sediment were important factors

controlling erodibility in the winter. In the summer, the controls on erodibility

were variable, but evidence suggested that benthic microalgae were responsible for

a decrease in sediment erodibility at one site.
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The possible impact of spatial changes in erodibility on patterns of sediment

accumulation was explored. The results do not support the hypothesis that

differences in erodibility are controlling where sediments accumulate along the

western Adriatic sea.
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THE IMPACT OF PHYSICAL AND BIOLOGICAL PROPERTIES ON THE
ERODIBILITY OF SEDIMENTS ALONG THE WESTERN ADRIATIC SEA,

ITALY

INTRODUCTION

The erosion and resuspension of fine-grained sediment from the seafloor

influences a variety of geological, geochemical and biological processes. For

example, to increase the predictive power and accuracy of sediment transport

simulations, modelers require information about erodibility. Sediment erodibility

is of importance to civil engineers in the context of structure stability, navigation,

water quality, and shoreline integrity (Black et al., 2002). Biologists are interested

in sediment erodibility and transport because the disturbance caused during

resuspension events has the ability to control the structure of benthic biological

communities (e.g., Hall, 1994). Toxic chemicals introduced to the marine

environment such as heavy metals and hydrophobic pesticides are adsorbed onto

and desorbed from fined-grained sediment. Hence, the fate of such hazardous

substances can only be determined through an understanding of sediment transport

processes (e.g., Sherwood et al., 2002).

Because of its influence on many marine systems and processes, sediment

erodibility has been the subject of intense research in the recent past. Early work

suggested that the physical properties of sediments such as particle size and water

content were the primary factors controlling erodibility (Hjulstrom, 1939; Postma,

1967; Einsele et al., 1974). The physical characteristics of the bed continue to be

recognized as important determinants of erodibility (van Ledden et al., 2004), but

alone cannot be used to make accurate predictions (Dade et al., 1992). A

consideration of biological processes is warranted.

Whereas physical properties of sediment tend to vary over relatively large

spatial scales and change little over typical observational periods, the activity and

impact of benthic organisms on seafloor properties can vary at small spatial scales



(patchiness) and over short time scales (Wheatcroft and Butman, 1997). As a

result, marine sediments having similar physical properties often respond

differently to applied bottom stresses because of a biological overprint (Jumars and

Nowell, 1984; Sutherland et al., 1998).

Numerous studies have been undertaken to investigate the effect of benthic

biology on the erosion potential of marine sediments. By perturbing the sediment-

water interface in a variety of ways, benthic flora and fauna have the capability of

both increasing and decreasing sediment erodibility (Rhoads et al., 1978),

especially during low transport rates (Jumars and Nowell, 1984). Andersen (2001)

observed a seasonal increase in sediment erodibility in connection with the

production of fecal pellets by the gastropod Hydrobia ulvae on a microtidal

mudflat. Decreases in sediment erodibility over a wide range of spatial scales as a

result of binding by benthic diatoms and bacteria via secretion of mucus (EPS) has

been demonstrated in many lab (Tolhurst et al., 2002; Prochnow et al., 2002), field

(Grant and Gust, 1987; Paterson et al., 2000; Lelieveld et al., 2003) and

manipulative experiments (de Deckere et al., 2001). Thus, the consequences of

changes in erodibility as a result of the benthos also vary widely from small (pm)

to large (km) spatial scales.

In many coastal environments, predictive knowledge of sediment

resuspension and deposition can only be gained by thorough understanding of

spatial and temporal variations in sediment erodibility (Black et al., 2002).

However, research including direct measurements of sediment erodibility has

mostly been limited to estuarine and intertidal environments (but see Thomsen and

Gust, 2000). Another region that is important in the transport of sedimentary

material and has largely been ignored in the study of erodibility is the continental

shelf. Similar to estuarine systems, the properties of sediment, and hence

erodibility, in continental shelf regions are variable as a result of physical

processes such as episodic sedimentation (e.g., Wheatcroft and Borgeld, 2000) and

alterations by benthic biota (e.g., Cahoon, 1999). Further research into sediment
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erodibility in shelf environments is needed to increase our predictive knowledge of

sediment transport in those regions. In this study, the patterns and controls on

sediment erodibility were investigated in a shallow epicontinental shelf

environment: the western Adriatic Sea.

Wave and current-resuspension appears to be an extremely important

process dispersing sediments along the western margin of the Adriatic.

Sedimentary particles enter a relatively low-energy coastal environment, flocculate

and settle rapidly, forming deposits near the major river mouths (Nelson, 1970;

Boldrin et al., 1988; Fox et al., 2004). However, a portion of the sediment that is

deposited near river mouths is eroded during wave-induced transport events and

carried to the south following the dominant pattern of water circulation. Evidence

from mineralogic studies suggests sediment may be moved 100's of km from the

riverine source before eventual deposition (Raviaioli et al., 2003). Variable along-

margin transport has resulted in a discrepancy between the location of major

sources of sediment (river mouths) and depocenters revealed by seismic

stratigraphy (Corregiari et al., 2001) and 210Pb geochronology (Frignani et al., in

review).

The importance of resuspension in sediment dispersal in the Adriatic Sea

dictates that, over time, differences in the erodibility of sediment could potentially

impact the patterns of accumulation along the margin at large (100's of km) spatial

scales. Previous studies in portions of the western Adriatic have shown along-

margin and seasonal variability in factors that may influence sediment erodibility

such as grain-size (Brambati et al., 1983), carbonates (Raviaioli et al., 2003),

organic matter content (Barbanti et al., 1995), macrofauna (Tahey et al., 1996),

benthic diatoms (Totti, 2003) and bacterial abundance and activity (Danovaro et

al., 2001). However, no attempts have been made to address directly the impact

these variables have on the erodibility of sediments in the Adriatic.
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This study was carried to (1) investigate the physical and biological

controls on sediment erodibility along the western Adriatic, and (2) determine to

what extent erodibility impacts long-term sediment accumulation patterns. During

two cruises in February and June of 2003, sediment properties at several sites

along the western Adriatic were characterized through a suite physical and

biological measurements. The properties of the sediment were compared with

measurements of sediment erodibility made at the same sites to gain insight into

the physical and biological controls on sediment erodibility operating in the

western Adriatic. Spatial and seasonal patterns of erodibility were compared with

long-term records of sediment accumulation in the region to determine if

erodibility was responsible for the discrepancy between the location of major

sources of sediment and depocenters on the shelf.
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STUDY AREA

The Adriatic Sea is a foreland basin in the northern part of the

Mediterranean extending from roughly 40 to 46 °N (Figure 1). The modern

Adriatic Sea evolved from a largely subaerial semi-enclosed basin at the time of

the Last Glacial Maximum following a rapid marine transgression. During the

marine transgression, relative sea-level rose until reaching a maximum roughly

5,000 years ago (Correggiari et al., 1996).

The majority of sediments entering the Adriatic Sea are from Italian rivers

draining the Alps and Apennines from the Italian peninsula. An estimate of the

total sediment flux of 43 Mt/yr for the western Adriatic was provided by Syvitski

and Kettner (in review). The largest single source of sediment, accounting for 13

Mt/yr (30% of total) is the Po River located in the northwest corner of the

Adriatic Sea. The delivery of sediment to the northwest Adriatic from the Po

River is heavily influenced by episodic flood events. In October 2000, a

significant flood event occurred on the Po. The distribution and mass of the

resultant flood deposit that formed on the adjacent continental shelf was

documented using a variety of techniques (Hunt, 2002; Wheatcroft et al., in

review; Palinkas et al., in review). The flood-deposit formed in water depths

between 5 and 29 m with maximum thicknesses directly off the main distributaries

of the river delta at roughly 15 m water depth. X-radiographs of the flood deposit

showed a multitude of bedding styles and physical structures (Wheatcroft et al., in

review). Despite rapid settling and the formation of thick flood deposits near the

river's mouths, mass budgets for the flood event suggests significant export of

sediment away from the delta region (Wheatcroft et al., in review).
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South of the Po, a series of small rivers with high sediment yields supply

the western Adriatic margin with roughly 22 Mt/yr of sediment from the rapidly

uplifting Apennine chain (Syvitski and Kettner, in review). Using data from a

variety of sources, Frignani et al. (in review) have provided a revised estimate of

the annual sediment load from all the rivers entering the western Adriatic. These

data have a large degree of uncertainty, but the estimates suggest the majority

(-62% of total) of sediment entering the western Adriatic does so north of Ancona,

and riverine supply decreases markedly to the south (Ancona to Gargano, 3 1% of

total).

The broad physical forcing of the Adriatic Sea is characterized by cyclonic

(counter-clockwise) movement driven by thermohaline circulation and wind

patterns (Malanotte-Rizzoli and Bergamasco, 1983; Poulain and Cushman-Roisin,

2001). The cyclonic currents drive Italian river plumes to the south, especially

during the winter when north easterly Bora wind events are common (Poulain and

Raicich, 2001).

The Adriatic Sea is a low energy environment. Significant wave heights,

calculated from data between 1999 and 2002 at the Ortona wave buoy (42.40 11°

N, 14.5339° E, http://www.envirtech.org/ron.asp, Italian Sea WAve Network)

show that waves over 1.5 m occur in only 8.5% of the three-year record (George,

2003). Despite the low wave energy, storm events are capable of causing sediment

respuspension in the shallow shelf regions where most of the sediment is

accumulating. Fox et al. (2004) concluded that wave resuspension occurred to

depths of at least 15 m in the Po prodelta region. Further south, off the Chienti

River mouth, numerous resuspension events were recorded by benthic boundary

layer tripod located at 20-m water depth between November and June of 2003 (C.

Sherwood, USGS unpublished data).

As a result of both the location of sediment sources on the western side of

the Adriatic basin and the physical forcing of the coastal ocean, recent deposition



of fine-grained material has been limited to a shallow, shore-parallel region

adjacent to the Italian coast (Figure 2) (Correggiari et al., 2001). Extensive seismic

surveying has documented in great detail the internal architecture and external

features of the mud belt (Trincardi et al., 1996). The high-stand systems tract

(HST) is the portion of the mud belt deposited since the maximum marine

transgression occurred 5 thousand years ago. The base of the HST is distinguished

by a distinct seismic marker, the maximum flooding surface (MFS). The MFS is a

downlap surface corresponding to a period of increased deposition on the shelf and

marks the maximum landward shift of the shoreline that occurred roughly 5,000

years ago (Correggiari et al., 2001). Thus, the thickness of the HST represents the

record of sediment accumulation in the region over the last 5,000 years.

Maximum rates of deposition in the mud belt occur at its northern and

southern extremities. The thickness of the HST reveals a depocenter of sediment

accumulation associated with the Po River delta in the north. To the south, the

Holocene mud belt thins with lower sediment accumulation off the mouth of the

Metauro River (landward of station MEB, Figure 1). Between Ancona and the

Gargano promontory, sediments have accumulated in a narrow, shore parallel belt.

However, no proximal sources of sediment exist for the maxima associated with

the Gargano promontory (Cattaneo et al., 2003). The across shelf maximum

thickness of Holocene muds represented by the HST varies from the shoreline of

the modern Po delta to roughly 50 m off the Gargano Promontory.

A similar pattern of sediment accumulation was observed at shorter (-- 100

yr) time-scales by Frignani et al. (in review) using accumulation rates based on

210Pb geochronology. Hence, the broad pattern of sediment accumulation over the

last 100 years is similar to that of the last 5,000 years. Namely, maximum

sediment accumulation has occurred distal to the largest sources of sediment.



Figure 2. Thickness of the Holocene mud deposits (HST) derived from seismic
profiling expressed as the two-way travel time in milliseconds. The thickest
deposits are found at the two ends of the dispersal system; in the north associated
with the Po River and to the south near Gargano Promontory where no local
sources of sediment exists. Figure from Correggiari et al., 2001.
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METHODS

FIELD SAMPLING

Sediment cores were collected from nine stations along the western

Adriatic Sea in February and June of 2003 aboard the RIV SEWARD JOHNSON

II using a hydraulically-dampened gravity corer (Figure 1). Additional samples

for x-radiography were collected using a box corer. All stations were from the

same water depth (20±1 m), except stations TR2 and N 14 that were 9 m and 14 m,

respectively (Table 1). A full list of the cores collected during the two cruises is

given in Appendix A. The sites were operationally grouped into two regions: the

northern region (TR2, N14, N22 and TR9) and the southern region (MEB, CHC,

TR4, BC, and RG). These regions will be referred to throughout the text.

Table 1. Station names, water depth, nominal location and distance offshore for
each site by region. The proximal river and estimated sediment load, in millions
of metric tones, is also shown. Riverine sediment load estimates for the Po and
Apennine rivers are from Syvitski and Kettner (in review) and Frignani et al. (in
review), respectively.

Estimated
Distance Sediment

Depth Latitude Longitude Offshore Proximal Load
Region Station (m) (N) (E) (km) River (Mt/yr)

TR2 9 44.870 12.507 1.1 Po
Northern N14 14 44.795 12.461 2.3 Po 13

N22 21 44.770 12.493 6.1 Po
TR9 19 44.363 12.527 15.7 FiumiUniti 2.5

MEB 19 43.920 13.106 10.0 Metauro 0.7
CHC 19 43.333 13.880 12.3 Chienti 1.4

Southern TR4 19 42.480 14.299 5.2 Pescara 1.1
BC 21 42.002 15.118 6.5 Biferno 2.2
RG 19 41.996 15.895 6.8 N/A
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Rather than following the across-shelf maximum in sediment

accumulation, which deepens from the modem shoreline near the Po delta to 50 m

off Gargano, the 20-rn isobath was chosen as the focus of this experiment. The 20-

m isobath was chosen because the stations are exposed to similar stress from

waves assuming that incident wave energy is the same along the margin.

Throughout much of the study area, the 20-rn isobath also coincides with regions

of high sediment accumulation represented by the thickness of Holocene mud

deposits (Figure 2).

The hydraulically-dampened gravity corer is an essential tool for collecting

sediment samples for studies of surficial sediment processes. After the corer lands

on the bottom, the descent of the core tube is slowed by a hydraulic piston. An

open valve at the top of the core tube allows water to move freely as the core tube

enters the sediment. The slowed descent of the core tube, along with the free

movement of water through the core tube, minimizes the bow wave imparted by

the device on the sediment surface. As a result, the interface is relatively

undisturbed compared with other coring instruments. An undisturbed sediment-

water interface is critical for studying erodibility because only the upper few

millimeters are active during a transport event (Wiberg, 2000). Additionally, the

top and bottom of the core tube are sealed during retrieval so that the overlying

water and porewater is collected intact.

At least six replicate cores were collected at each station in both February

and June. Erosion measurements were made on a minimum of two replicate cores.

Profiles of sediment porosity and water content were determined on another two

cores. Surficial samples representative of approximately the upper 1 cm of

sediment from the remaining cores were taken for determination of aggregated

grain-size, organic carbon and carbonate, and carbohydrate (EPS).
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SEDiMENT ERODIBILITY

Duplicate measurements of sediment erodibility at each station were made

using a "Gust erosion chamber" (Gust and Muller, 1997; Thomsen and Gust,

2000). The chamber is a small, 10-cm diameter device that fits on the top of a core

tube. It uses a calibrated, rotating upper plate to generate a known shear stress on

the sediment surface. The erosion chamber is capable of applying shear stresses in

the range from 0.01 0.4 Pa to the sediment surface of the core.

Prior to the beginning of each experiment, the sediment surface was

adjusted to be 10 cm below the core tube top and the erosion chamber was placed

onto the top of the core tube. A carboy of near-bottom seawater collected at the

site by a CTD rosette was connected via tubing (in flow) to the chamber. A

second tube (out flow) connects the chamber to a flow-through turbidity sensor

and then empties into a 2-liter water collection bottle. The erosion tests began

with a low applied shear stress (0.01 Pa) to clear out the turbidity in the water

filling the chamber associated with the sediment sample preparation. Following

this, steps of 0.08 Pa, 0.16 Pa, 0.24 Pa, and 0.32 Pa were used. The water that

flowed through the turbidity sensor was collected and filtered on 0.47 im glass

fiber filters. The filters were dried and weighed to obtain eroded sediment mass.

Eroded mass divided by the volume of water filtered gives average suspended

sediment concentration for the time interval during which the water sample was

collected. Measured sediment concentrations are used to calibrate the turbidity

measurements.

The stress at each level was typically maintained between 10 and 40 mm or

until the turbidity in the chamber decreased to near-background levels (Figure 3).

For stresses that exceeded the critical entrainment shear stress for at least some

fraction of the sediment at the bed surface, suspended sediment concentration

generally rose relatively quickly, peaked, usually within a few minutes, and then

decreased in a quasi-exponential fashion. When concentration declines to near
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background levels while maintaining a constant shear stress, the assumption is that

nearly all of the sediment that could be eroded at that shear stress has been

removed from the bed, leaving behind sediment with a higher critical shear stress.

This assumption allows the cumulative mass eroded as a function of shear stress to

be used to approximate the relationship between critical shear stress and mass

eroded or depth below the sediment surface if porosity is taken into account.
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Figure 3. An example of the output from the erosion chamber. The erosion rate
(blue line) peaks after an increase in shear stress (black line) and subsequently
decreases in quasi-exponential fashion (top panel). The bottom panel shows the
resultant cumulative mass eroded versus elapsed time.
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POROSITY AND WATER CONTENT

Since the early work of Postma (1967), porosity has been implicated as a

physical factor that is essential to understanding the erodibility of fine-grained,

cohesive sediments. To quantify the porosity at the sampling stations, vertical

profiles of sediment porosity were determined using a resistivity profiler (IRP, In

situ Resistivity Profiler) (Wheatcroft, 2002). For this work, IRP was used in "lab

mode"; meaning that resistivity measurements were made onboard the ship on

cores.

After a core sample was brought on deck, it was removed from the corer

and two resistivity profiles were run as soon as possible (3O mm) using IRP.

Subsequently, the overlying water was siphoned off the core and a cut-off60-cm3

syringe (2.7-cm inner diameter) was inserted vertically into the sediment. The

sediment within the syringe was sectioned vertically at 0.5-cm intervals to a depth

of 10 cm, corresponding to a volume of approximately 2.8 cm3 per depth interval.

The porosity of the 0.5-cm sections were later determined using standard wet

weight! dry weight gravimetric techniques (Manheim et al., 1974).

The relationship between resistivity and porosity in marine sediments has

been extensively studied (e.g., Archie, 1942; Manheim et al., 1974; Andrews and

Bennett, 1981; Martin et al.,1991; Wheatcroft, 2002). Archie (1942) related

resistivity measurements to porosity using the following equation:

FFçom (1)

where FF, the so-called formation factor, is the ratio of sediment resistivity (Rz)

to the bottom water resistivity (Ro), q. is the sediment porosity, and m is the

Archie exponent. The Archie exponent is an empirically derived number that

varies according to the physical properties of the sediment. Changes in the Archie
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exponent are thought to reflect changes in the particle shape, ionic strength of the

pore fluid, or chemical composition of the sediment itself (Jackson et al., 1978).

To calculate sediment porosity from resistivity profiles, the formation

factor was bin-averaged (0.5-cm intervals) and compared with the water content

measurements from the syringe at the same depth (e.g., Figure 4). Archie

exponents were determined by least squares fit to Archie' s equation (1).

Ideally, in order to compare porosity with erodibility, only the upper few

millimeters would be used. However, Wheatcroft (2002) demonstrated that the

resistivity probe senses the overlying water column in the top 0.1 cm of the seabed

leading to an overestimate of porosity in that region. In order to avoid this

complication, the mean porosity corresponding to a depth interval of 0.2-1 cm was

used for the comparison with sediment erodibility measurements.
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2.6

2.4

2.2
0
c

U-

02

0
U-.

1.6

1.4

Average Porosity (0.5-2 cm)=0.7
0

-5

-5

-10
-10

-15
-15

-20

E
-25 -25

0
ci)

-30
O_30

-35
-35

-40
-40

-45

-45

If1

1.2 -50'
0.6 0.65 0.7 0.75 0.4 0.6 0.8 1

Porosity (4) Porosity

Figure 4. Example calculation of Archie's exponent for the upper 5 cm of
sediment using gravimetric porosity measurements as the basis of the calibration
(left panel). The blue line represents the least squares fit to Archie's equation (1)
and the two grey lines represent the upper and lower 95% confidence limits on the
estimate of the Archie exponent. The x- and y- error bars represent one standard
deviation of the water content based porosity values and formation factor
respectively. The color bar represents the depth interval of the gravimetric sample.
The Archie exponent is applied to resistivity measurements (right panel) to
generate a calibrated porosity profile (red dots) and is compared with gravimetric
porosity measurements.



17

BULK DENSITY

X-radiographs were used to qualitatively characterize the physical structure

of the upper few centimeters of the seabed. The x-radiographs were also analyzed

quantitatively to obtain vertical profiles of bulk density. Measurements of bulk

density were used to compare to porosity profiles from the resistivity profiler.

Sub-samples for x-ray analysis were taken from either the hydraulically damped

gravity corer or a box core using rectangular polycarbonate x-ray trays. X-ray

trays were exposed to 6.4 s burst of x-radiation at 70 kV, 5 mA using a Lorad

LPX- 160 x-ray generator. The sample was placed in front of a dPix Flashscan 30

amorphous-silicon imager that captures a 12 bit, grey scale image with 127 p.m

pixel size (Wheatcroft et al., in review).

Along with the sample, a calibration bar of known bulk density is placed

inside the active area of the irnager. Thus, by establishing a relationship between

the pixel brightness in the image and bulk density of the calibration bar (by a

second order polynomial regression), we are able to calculate the bulk density

(Pb) of the sediment sample in the x-ray tray (Figure 5). The sediment porosity

can then be related to the bulk density of the calibrated x-ray image using equation

(2):

Pb(l(0)PS+PWP (2)

where çü is porosity andPb, Ps, and Pw are the bulk, sediment and water density,

respectively. The sediment density was assumed to be 2.65 g/cm3 and the water

density was assumed to be 1.026 g!cm3. A direct comparison between the porosity

obtained by this technique and by traditional wet weight/dry weight gravimetric

methods is shown in Appendix B.
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Figure 5. Example of the image processing procedure to convert pixel brightness
in the sample to bulk density. The raw image is calibrated by applying the
established relationship between pixel brightness and known bulk density in the
calibration bar. The details of this x-ray system and the procedure are described
more extensively in Hunt (2002) and Wheatcroft et al. (in review).

AGGREGATED GRAIN-SIZE

Triplicate surficial samples for aggregated grain-size measurements were

collected at each station. Aggregated, rather than disaggregated grain-size

measurements were made in order to acquire information about the in situ particle

size distributions at the stations. Some fraction of the material in each of the size

classes is likely to contain small particles bound into aggregates or fecal pellets.
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Information about the in situ particle size distribution is important for comparison

to erodibility measurements because sediments are likely to be resuspended as

aggregates and not as primary particles (Wheatcroft and Butman, 1997).

Sediment was skimmed from the surface of the cores using a spatula and

was representative of the top 1 cm of material on the seafloor. Aggregated grain-

size fractions were obtained according to techniques described in Wheatcroft and

Butman (1997) and Drake Ct al. (2002). Approximately 1-2 g of untreated, fresh

sediment was wet-sieved through two stainless steel sieves with mesh sizes of 250

and 63 pm within 1 hr of core collection. The fraction that passed through the 63

tm sieve was collected in a beaker for quantification of the < 63 pm fraction.

During wet-sieving, filtered seawater was passed gently over the sediment using a

squirt bottle until particles ceased passing through the sieves. The process is

intended to minimize the break-up of natural aggregates. The sediment in each

size fraction (>250, 250-63, <63 tm) was vacuum filtered onto pre-weighed 0.8-

jm Nucleopore filters. In the lab, the filters were dried in an oven at 60 °C for 24

hr and the weight of each size class was determined.

INORGANIC AND ORGANIC CARBON

Previous work in the western Adriatic Sea suggested significant along-

margin gradients in inorganic (Ravaioli et al., 2003) and organic carbon (S.

Miserocchi, CNR-ISMAR pers. comm.). These parameters were measured to

investigate their importance in the context of erodibility. The weight percent of

organic and inorganic carbon of surficial sediment was determined following

Hedges and Stern (1983). Briefly, surficial sediment was dried in an oven at 60 °C

for 24 hr and homogenized using a mortar and pestle. An otherwise untreated

sub-sample of this material was weighed on an analytical microbalance to the

thousandth of a milligram and the total carbon determined on a Carlos Erba

NA1500 CHIN analyzer. A second sub-sample was weighed and treated with

concentrated hydrochloric acid vapor for 24 hr to remove inorganic carbon. The
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organic carbon was measured on this sub-sample. The percentage of inorganic

carbon was determined by difference between the total and organic carbon

fractions.

COLLOIDAL CARBOHYDRATE

Exopolymeric substances (EPS) are mucus secretions released by benthic

microorganisms and have been shown to stabilize sediment thereby reducing

erodibility (e.g., Paterson et al., 2000). The mucus secretions are largely made up

of carbohydrate polysaccharides (Decho, 1990) and measurements of colloidal

carbohydrate have been used extensively as a measure of EPS in the marine

environment.

Solid phase-carbohydrate (colloidal-s) was extracted using the method of

Underwood et al. (1995) and quantified using the phenol-sulfuric acid assay

(Dubois et al., 1956). After collection, surface sediment samples were kept

refrigerated during the field-work and were dried in an oven at 60 °C and

homogenized with a mortar and pestle in the lab. Carbohydrate measurements

were carried out on 3 00-400 mg of dried, homogenized sediment. The sediment

was incubated in a test tube with 5 ml of 2.5 % saline solution for 15 mm to extract

the colloidal carbohydrate fraction from the sample. During the extraction, the

sediment! saline solution slurry was vortex mixed several times. After extraction,

the test tube was centrifuged for 15 mm at 2200 x g (earth-based gravities)

separating the solid from the supernatant.

Concentrations of colloidal carbohydrate were measured in a 2-ml aliquot

of the supernatant using the phenol-sulfuric acid assay (Dubois et al., 1956). One

milliliter of 5 % aqueous phenol solution was added followed by 5 ml of

concentrated sulfuric acid. The samples were allowed to equilibrate and cool for

30 mm. Afterward, the absorbance was measured at 485 nm in a standard

spectrophotometer against several reagent blanks. The amount of carbohydrate in
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the samples was calculated by comparison to a standard curve produced by

analysis of a series of samples with known concentrations of glucose standard

solution. Concentrations of colloidal-s carbohydrate in the samples are thus

expressed as .tg glucose per gram of dry sediment (Gluc. Eq.).
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The quantification of sediment erodibility is challenging because results are

often device specific (Gust and Muller, 1997) and natural sediments are a complex

mixture of different particle sizes, shapes and types embedded in an organic

matrix. Many researchers use the critical shear stress, or the stress required to

initiate particle motion, as a measurable quantity that is characteristic of erodibility

(e.g., Amos et al., 1997). No clear critical shear stresses were observed at the

stations sampled. Instead, the erosion was typical of consolidated sediments,

where the critical erosion threshold is not constant but varies with depth in the

sediment (Wiberg, 2003). Despite the lack of clear critical shear stresses, the

erodibility of sediment can be quantified using the cumulative mass of eroded

sediment.

The erodibility of sediment along the western Adriatic, expressed as plots

of cumulative mass eroded versus applied shear stress, was determined for each

station (Figure 6). Cumulative mass values were normalized by the area of

sediment exposed (surface area of the core-barrel). Seasonal and spatial patterns

in how the bed responds to increases in applied shear stress were observed.

During the winter, the cumulative mass eroded at the northern stations was

generally low; the cumulative mass eroded did not exceed 0.05 kg/rn2 at sites N22

and TR9. Unlike the 20-rn sites in the north, higher erosion rates were observed at

the shallow, 9-rn site (TR2) in the winter. At the southern stations, the erodibility

in the winter was higher than the northern sites. The cumulative mass eroded in

the south reached as high as 0.24 kg/rn2 at site BC.
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The pattern of sediment erodibility was quite different during the summer.

Overall, the cumulative mass eroded is relatively high at the northern sites

compared to the south, except site TR9, which had low erodibility during both

summer and winter. The mass of eroded sediment as a function of applied shear at

the southern sites in the summer is relatively low compared to the winter.

The along-margin and seasonal patterns described above are made clear by

comparing the total mass of eroded sediment during the experiments (Figure 7).

The data shown represent the cumulative amount of sediment that was eroded

between the begitming of the experimental run through the 0.32 Pa shear stress

interval (the maximal stress reached in all experiments). The error bars represent

one standard deviation of the cumulative mass measurements made on at least two

replicate cores at each station. In the winter, the cumulative mass eroded ranged

from 0.04 kg/rn2 to 0.24 kg/m2. The cumulative mass eroded was generally low

for the northern sites and high in the southern region. The opposite was observed

in June, where the cumulative mass eroded varied from 0.03 kg/rn2 to 0.24 kg/rn2

but was highest for the northern sites and lowest for the southern sites. At three

sites, N22 in the north and MEB and BC in the south, the cumulative mass eroded

was significantly different between February and June (two-way t-test, a =0.05).
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The mean porosity of the upper 1 cm of the seabed along the western

Adriatic varies from greater than 0.81 near the Po River in the north to less than

0.63 in the southern Appenine region (Figure 8, Right Panel). Selected vertical

profiles (Figure 8, Left Panels) show differences in the porosity structure of the

upper 1 cm. The shape of the porosity profiles can be described mathematically

using the exponential equation (3):

ço(z) = (ço + (3)

where q(z) is the sediment porosity as a function of depth, z is the depth, ço is the

porosity at the sediment-water interface, q is the constant porosity at depth, and

a is an empirical attenuation coefficient (Boudreau and Bennett, 1999). In the

north (N22), porosity is high at the surface and decreases only slightly with depth.

Further to the south (e.g., CHC), the porosity is generally lower than to the north

and gradually decreases with depth. The porosity in the southern area (BC)

displays a steep near surface decrease and constant low porosity beneath 0.5 cm.

The data shown in Figure 8 are from the June 2003 cruise.
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sampling stations. All measurements were made during the June, 2003 cruise.



Table 2 shows the coefficients describing the porosity profiles at each of

the stations for the February and June cruises. The porosity at depth, q, mirrors

the mean porosity and generally decreases from north to south and displays

seasonal variability at some of the sites. The difference between the surface

porosity and at depth, ço , increases from north to south. Little change

between February and June is evident. Coefficient a does not have a consistent

pattern and is seasonally variable. These results all suggest that the seabed

becomes increasingly consolidated from north to south.

Table 2. Parameters describing average porosity profiles (upper 1 cm) for each
station sampled during the February and June cruises.

ço0-ço a
Feb June Feb June Feb June

TR2 0.67 0.58 0.36 0.35 0.53 0.11

N14 N/A 0.69 N/A 0.35 N/A 0.29

N22 0.77 0.76 0.21 0.23 0.20 0.41

TR9 0.74 0.75 0.21 0.25 0.16 0.65

MEB 0.62 0.61 0.36 0.36 0.62 0.43

CHC 0.74 0.61 0.31 0.29 0.52 0.27

TR4 0.59 0.56 0.45 0.45 0.44 0.53

BC 0.60 0.56 0.43 0.50 0.31 0.54

RG N/A 0.57 N/A 0.47 N/A 0.37

A comparison of mean porosity of the upper 0.2-1 cm between February

and June is shown in Figure 9. The error bars show the standard deviation of the

mean from two cores. The surficial porosity was significantly different at sites

TR2, CHC, and BC (two-way t-test, a =0.05) in February compared to June.
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Figure 9. Mean surficial (0.2-1 cm) porosity for February and June. Error bars
are one standard deviation of the mean porosity from the duplicate cores. Stations
with significant seasonal differences (a =0.05) are underlined.

BULK DENSITY

Qualitatively, some differences in the character of the near-surface seabed

is elucidated by the x-radiographs (Figure 10). Based on x-radiographs taken

during the June 2003 cruise (Figure 10), the following is evident. At the shallow

stations near the Po River (TR2 and N 14), physical structure characterized by

alternating bright and dark layers (x-ray transparent) is evident. This bedding is

associated with rapid deposition occurring during the formation of flood deposits

(Wheatcroft et al., in review). To the south, the near-surface stratigraphy is much

simpler, but there is evidence for a surficial layer indicative of deposition of fresh

material in the months prior to February (see discussion later).
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Figure 10. X-radiographs taken from the 9 stations along the western Adriatic.
Vertical profiles of bulk density (superimposed on top of image) are calculated by
row and column averages of rectangular image segments. All samples were taken
during the June, 2003 cruise.



31

Superimposed on each image is a vertical profile of bulk density calculated

from row (0.5 cm, 39 pixel) and column (3 cm, 236 pixel) averages of brightness

within the sample (see methods for details). Bulk density varies from roughly 1.1

g/cm3 at the surface to as high as 2 g/cm3 at depth. Along the margin, the bulk

density increases from north to south, with the lowest values observed at the 20-rn

site closest to the Po River (N22). The seabed becomes more dense and

consolidated to the south, a finding that is consistent with the independent

measurements of porosity from the resistivity profiler.

AGGREGATED GRAIN-SIZE

Aggregated grain-size data indicate substantial along-margin differences

(Figure 11). The weight percentage of sediment in the >250-.trn size class was

variable, but in no case exceeded 10 % of the total mass. Fine to very fine sand-

sized (250-63 tm) material varied between 6 and 62 %, with the lowest values

occurring to the north and highest percentages in the three southernmost sites. The

percentage of mud (<63 .tm) followed the opposite pattern with high percentages

at the northern sites and lower percentages at the three most southern stations.

From north to south, the grain-size distributions are roughly uniform from site

TR2 to CHC. A large change occurs between station CHC and station TR4, as

evidenced by the large change in weight percentages of sand and mud to the south.

Between February and June, minor changes in the particle size distributions

were observed. At six out of seven stations the amount of mud was greater in

February compared to June, with significant decreases in the mud content between

the two sampling dates at sites CHC and BC (two-way t-test, a =0.05).



15

EN

5

-'I

20

100

40

32

>250 tm Fraction
I I I I I

Feb
LIII June

TR2 N14 N22 TR9 MEB CHC TR4 BC RG

250-63 pm Fraction

ND
TR2 N14 N22 TR9 MEB CHC TR4 BC RG

<63 tm Fraction

TR2 N14 N22 TR9 MEB CHC TR4 BC RG
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underlined.
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CARBONATE AND ORGANIC CARBON

The weight percentage of inorganic carbon at the sampling sites varies

from 2.3 to 4.2% as shown in Figure 12 (top panel). The lowest values were found

near the Po River in the northern part of the study area. Further to the south, the

percentage of inorganic carbon increases to a maximum at site TR4. Between

February and June, the inorganic carbon content at TR2 significantly increased

(two-way t-test, a =0.0 5).
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Figure 12. Histogram of the weight percentages of inorganic carbon (top panel)
and organic carbon (bottom panel). Standard deviation of the measurements on
two replicates are shown with error bars. ND=not determined. Stations with
significant seasonal differences (a =0.05) are underlined.

Bulk organic carbon in the surficial sediments is high in the northern part

of the study area and decreases to the south, with values ranging from 1.2 to 0.4 %

(Figure 11, bottom panel). Organic carbon was typically higher in the summer,
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but the difference was only significant at site MEB (two-way t-test, a =0.05).

Carbon to nitrogen ratios (C:N) from surface sediments ranged from 6.8 to 13.2

(Figure 13). No clear seasonal or spatial pattern was observed. Significant

differences in the C:N ratios were only observed at stations N22 and BC (two-way

t-test, a =0.05).
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Figure 13. Histogram of carbon to nitrogen (C:N) ratios. C:N ratios for typical
soils are 10-12 (grey region) while the C:N ratio of marine algae is 7 (grey line).
ND=not determined. Stations with significant seasonal differences (a =0.05) are
underlined.
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COLLOIDAL CARBOHYDRATE

Surface (0-1 cm depth interval) concentrations of colloidal-s carbohydrate

ranged from 21 glucose Eq. (see methods section for explanation of units) to 55

glucose Eq. (Figure 14). Although there is considerable variability, the

concentration of colloidal carbohydrate generally decreases from north to south.

In the summer, mean colloidal carbohydrate concentration at each station was

higher than in winter in all but one station. However, due to the small sample size

and large variability the seasonal differences were only statistically significant at

station TR2 (two-way t-test, a =0.0 5).
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Figure 14. Concentration of colloidal carbohydrate (in glucose equivalents) at the
stations sampled in both February and June. The error bars, where present, are one
standard deviation from two replicates taken during February (dark bars) and June
(white bars). Stations with significant seasonal differences (a =0.05) are
underlined.
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DISCUSSION

SEABED CHARACTERISTICS

The primary objective of this research was to characterize the seabed in

order to understand what factors impact sediment erodibility in the western

Adriatic Sea. Strong along-margin gradients and, in some cases, weaker seasonal

changes in grain-size, porosity, organic and inorganic carbon content, and

carbohydrates were observed (Figures 8-14). The causes for the along-margin and

seasonal changes in sediment properties are largely due to (1) differences in the

geological composition of the mountains that contribute sediments to the eastern

Italian rivers, (2) changes in the magnitude of river input and in the physical

forcing of the coastal ocean and (3) the influence of biology. Before discussing

the relevance of these measurements to understanding sediment erodibility, it is

worthwhile to examine their internal consistency and sources of variability.

POROSITY AND BULK DENSITY

Near-surface porosities measured along the western Adriatic (Figures 8 and

9) are broadly similar to fine-scale measurements made using similar devices both

in sands (e.g., Wheatcroft, 2002) and muds (e.g., Martin et al., 1991; Wheatcroft

and Borgeld, 2000). The porosity measurements are also consistent with vertical

profiles of bulk density obtained from x-radiographs on the same cores (Figure 10)

(for more on the comparison between the two independent techniques, see

Appendix B). As expected, the porosity is highest at the surface and decreases

exponentially with depth (Berner, 1980) and can be described mathematically

using equation (3) (Boudreau and Bennett, 1999).

The overall shape of the near-surface porosity profiles is largely caused by

the process of self-weight consolidation (Been and Sills, 1981) but can be

modified by bioturbation (e.g., Muslow et al., 1998). Clear along-margin
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differences in the shape of the porosity profiles were observed (Figure 8; Table 1).

Martin et al. (1991) found a relationship between carbonate content and the shape

of fine-scale vertical porosity profiles, whereby higher carbonate contents led to

larger sub-surface porosity gradients. In the present study, a similar correlation

was found where the stations in the south characterized by high inorganic carbon

contents also had larger sub-surface porosity gradients.

The porosity of near-surface sediment has long been known to be

dependent on particle size (e.g., Meade, 1966). Along-margin variations in the

mean near-surface sediment porosity can be attributed mostly to grain-size. Grain-

size measurements show an decrease in mud sized particles (<63 tm) to the south

(Figure 11). The decrease in mud content is manifest in the decreased mean

surface porosity from north to south along the margin. June decreases in mean

porosity at sites CHC and BC (Figure 9) were accompanied by significant

increases in mud content, and most likely indicate removal of near bed material.

AGGREGATED GRAIN-SIZE

Aggregated grain-size distributions show a strong along-margin gradient

(Figure 11). Although no prior measurements of aggregated grain-size for

comparison have been made in the western Adriatic, the distributions found in the

present study do roughly follow the previously reported pattern of primary particle

size distributions (Brambati et al., 1983).

The aggregated grain-size distributions are controlled by a combination of

factors. The particle size distribution of sediment supplied to the seabed by rivers

is variable both in time and space. Additionally, wave and current energy

winnows away smaller particles and alters grain-size distributions. The relative

contribution of each of these factors in creating the observed grain-size

distributions is impossible to determine. For instance, the increase in sand content
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to the south might be indicative of along-margin differences in the supply of fine-

grained sediment from the rivers or could be caused by higher wave and current

energy in the south. Nonetheless, physical factors clearly play a role in the

changes in aggregated grain-size distributions along the margin (Figure 11).

To a lesser degree, the activity of benthic organisms can impact aggregated

grain-size. In order to meet their metabolic needs, benthic deposit feeders must

ingest large quantities of sediment and extract the organic matter. As a result of

the prolific feeding habits of these organisms, significant quantities of small,

organic carbon rich particles are packaged into larger fecal pellets. By comparing

the distribution of aggregated versus disaggregated grain-size, information about

the amount of aggregates or pellets in each sample can be determined (e.g., Drake

et al., 2002). Unfortunately, no information about the disaggregated grain-size

distributions in the winter are available, so the percentage of aggregates in the

samples in the winter remains unknown. During the summer, separate samples

were taken and analyzed for disaggregated grain-size. The percentage of

aggregates at that time was between 4 and 14 % of the total weight of the sample.

The highest degree of pelletization in the summer occurred at station N22.

INORGANIC CARBON

The weight percentage of inorganic carbon in surficial sediment along the

20-rn isobath varies from 2.3 to 4.2 % (Figure 12, top panel). Inorganic carbon in

the western Adriatic consists primarily of calcium (calcite) and magnesium

(dolomite) carbonates. The spatial distribution of carbonates for portions of the

Adriatic Sea has been described in detail by Ravaioli et al. (2003). In the northern

part of the study area, inorganic carbon is largely made up of dolomite, with

calcite! dolomite ratios less than 1. To the south, calcite!dolomite ratios increase

to greater than 5 off the Chienti River. In the present study, the contribution of

calcite and dolomite to the total weight percent of inorganic carbon was not

quantified, precluding a straightforward comparison of inorganic carbon values
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percent to the inorganic carbon in the southern portion of the study area. At those

stations, if the inorganic carbon is assumed to be made up of calcite only, the

percentages are roughly equivalent to those reported by Ravaioli et al. (2003).

The distribution of inorganic carbon in the Adriatic is a function of the

carbonate concentration in riverine sediments draining into the western Adriatic,

the influence of coastal currents and the contribution of biogenic sources (i.e.,

shells and skeletons of marine organisms) (Ravaioli et al., 2003). The

concentration of carbonates in riverine derived sediment changes dramatically

from north to south with calcite varying from 5 % in the Po River to as high as 40

% in the Chienti, located landward of station CHC. These differences are in part

manifest in the inorganic carbon content of surficial sediment at the 20-rn sites in

the coastal ocean (Figure 12, top panel).

ORGANIC CARBON

The weight percentage of organic carbon in surficial sediments displays a

clear along-margin gradient with values ranging from 1.2 in the north to 0.4 % in

the south (Figure 12, bottom panel). These measurements are consistent with

those made by other researchers working in the area (Barbanti et al., 1995; S.

Miserocchi, CNR-ISMAR pers. corn.).

The along-margin organic carbon signal is dominated by the presence of

the organic matter rich sediments originating from the highly industrialized Po

River (Figure 11, bottom panel). Seasonal differences in the bulk organic carbon

were expected owing to higher biological activity both in the water column and in

the sediment during the summer. Danovaro et al. (2001) observed increases in

organic matter in the northwest Adriatic Sea during the summer as a result of the

decomposition of organic matter previously produced by blooms of phytoplankton
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and benthic microalgae. In the present study, the organic matter content was

significantly higher in summer at only one station (MEB).

The carbon to nitrogen (C:N) ratios along the western Adriatic Sea (Figure

13) were in the range that is characteristic of marine sediments. At several

stations, the C:N ratios lower than 10-12 were observed. These lower C:N ratios

may be suggestive of higher quantities of microalgae in the surface sediment.

However there was no consistent seasonal or along-margin pattern to the C:N

ratios. The only significant seasonal differences were at sites N22 and BC (two-

way t-test, a =0.05).

COLLOIDAL CABOHYDRATE

The results of the colloidal carbohydrate analysis can only be viewed in a

qualitative sense because of problems associated with sample preservation. The

values obtained during this study are universally lower than carbohydrate

measurements made by Danovaro et al. (2002) during June 1996 and February

1997 in portions of the study area. Oven-drying sediment has been shown to

impact the carbohydrate measurement (Underwood et al., 1995) and the sample

storage was not ideal for carrying out the technique. Despite the probable artifacts

associated with improper sample preservation, all of the samples were treated

similarly and thus differences between the stations may be used to identify trends.

The colloidal carbohydrate measurements are consistent with the expected

along-margin pattern. Surface (0-1 cm) concentrations colloidal carbohydrate

(Figure 14) follow a similar pattern as that of organic carbon (Figure 12, bottom

panel). Seasonal differences at the sites, though not significant, are as expected

higher in the summer than in the winter.
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ENVIRONMENTAL CONTROLS ON SEDIMENT ERODIBILITY

Sediment erodibility in the Adriatic, expressed as cumulative mass eroded,

vanes seasonally as well as spatially (Figures 6 and 7). The possibility that these

changes in sediment erodibility are related to changes of seabed properties in time

and space are explored below.

Since early investigations into the controls on sediment erodibility (e.g.

Hjulstrom, 1939; Postma, 1967), sediment grain-size and porosity were thought to

be important factors controlling erodibility of fine-grained sediments. Amos et al.

(1997) showed a tight relationship between erodibility and bulk density at several

inter- and sub-tidal sites, whereby low bulk density sediment was more easily

eroded. In the present study, the surficial sediment porosity was an important

factor controlling the erodibility during winter (r2=O.86, p<0.Ol) but not during the

summer (p>O.O5) (Figure 15). However, the observed relationship between

porosity and erodibility during the winter was opposite to what was expected

based on previous studies (e.g., Amos et al., 1997). Sediment with the lowest

porosity (highest bulk density) was more easily eroded than higher porosity

sediment and vice-versa. Aggregated grain-size measurements may help to

explain the unexpected direction of the porosity-erodibility relationship during the

winter. The highly porous surface sediment in the northern part of the study area

(Figure 9) was also characterized by a small percentage of sand-sized particles

(<10%) (Figure 11). The generally low wintertime erodibility of these muddy,

high porosity sediments suggests that inter-particle cohesion may be reducing

erodibility or that the presence of sand enhances erodibility.

The along-margin pattern of erodibility was reversed in the summer

(Figure 7). The seasonal change was most pronounced in the southern part of the

study area where sediment erodibility significantly decreased at two stations (MEB

and BC). Decreases at the other two southern stations, although not statistically
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significant because of a large degree of variability, were also observed. The

relatively lower erodibility during the summer can, in part, be explained by

changes in sediment porosity and grain-size. At stations CHC and BC the porosity

and mud content were significantly higher in the winter (Figures 9 and 11),

suggesting that freshly deposited material was present on the surface of the seabed.

Although no data are available for the winter of 2003, river discharge in the central

Apennines are known to peak during episodic storms (Syvitski and Kettner, in

review).
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X-radiographs taken during February clearly show approximately 1 cm of newly

deposited sediment at station BC (Figure 16). By comparison, in June, the highly

porous surface layer was not present and had either consolidated or was eroded
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between sampling dates. Similar layering was also observed at station CHC and at

other stations near the Chienti River in February. The presence of newly

deposited, highly porous material may explain the relatively high erodibility of

sediment at those stations during the winter compared to summer. However, at

stations TR4 and MEB, no change in the porosity or grain-size was observed, yet

the sediments at these stations were also more easily eroded in the winter. In

addition, at a northern site (N22), a significant change in erodibility was not

accompanied by a change in the physical properties of the seabed.
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Figure 16. X-radiographs taken from station BC during February (at left) and June
(at right). Approximately 1 cm of less dense and presumably freshly deposited
material was present in February.
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The lack of correlation between the bulk physical properties of the seafloor

(e.g., porosity) and erodibility during the summer suggests a possible biological

control on erodibility. Although difficult to classify (Jumars and Nowell, 1984),

benthic organisms are often implicated as either increasing or decreasing sediment

erodibility (Rhoads et al., 1978). de Deckere et al. (2001) used pesticide

treatments to eliminate invertebrates from test plots in an estuary and showed that

the activity of invertebrate macrofauna increased sediment erodibility. In the

present study, no measurements of macrofaunal abundance were made. However,

the density of macrofauna at three sites (18 m water depth, 2 in the northern

region, 1 in the southern region) was measured in February and June of 1994 by

Moodley et al. (1998). Macrofaunal density during that year was higher in June at

all three stations. Thus, if macro fauna were exerting a dominant role along the

western Adriatic, erodibility would have been higher in June. Following this

argument, the increased erodibility at site N22 in June may have been the result of

higher densities and activities of macrofauna. During the summer, the sediment at

station N22 had a higher percentage of fecal pellets compared to the other stations.

Although higher pelletization does not explain the seasonal difference in

erodibility, it is consistent with increased macrofaunal activity at the site relative to

other sites along the margin. At the southern stations, sediment erodibility was

lower in June suggesting that some other factor was responsible.

Benthic organisms are also capable of decreasing the erodibility of

sediment. Through their secretion of extracellular polymeric substances (EPS),

bacteria, benthic microalgae (microphytobenthos) and metazoans have been shown

to stabilize the seabed (Miller et al., 1996; Lelieveld et al., 2003). The mucus

secretions of benthic organisms are largely composed of carbohydrate

polysaccharides (Decho, 1990) and measurements of colloidal carbohydrate have

been used extensively as a measure of EPS in the marine environment (e.g.,

Underwood et al., 1999). If benthic microalgal density was significantly increased

between February and June, then increases in EPS and in organic carbon in the

surface sediment would be expected. The results are suggestive of an increase in
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EPS production in the summer at site MEB (Figure 14), but due to a large degree

of within-site variability, are not conclusive. Similarly, the organic carbon content

of surficial sediment (Figure 12, bottom panel) was typically higher in June and

the C:N ratio was lower (Figure 13), but the differences again were not significant.

The large degree of within-site variability resulting in non-significant

differences of biological parameters between February and June can largely be

attributed to two problems. First, high degrees of small-scale spatial variability

require more replicate samples to be incorporated into the sampling strategy of

future investigations into the biological controls on sediment erodibility. Second,

benthic microalgae are known to be concentrated in the top 0.2-0.3 cm of the

sediment, where light is generally available (Maclntyre et al., 1996). Thus,

measurements of biological variables, like EPS and organic carbon, that are

intended to measure the influence of these organisms on sediment properties must

be made at a more relevant depth scale (i.e., mm's rather than cm's) (Paterson et

al., 2000).

Although the carbohydrate and organic carbon measurements were

inconclusive, research by other investigators along with visual observations during

the June cruise support the hypothesis that sediment in the southern portion of the

study area was biologically stabilized by microalgae during the summer.

Danovaro et al. (2002) made carbohydrate measurements at several sites north of

Ancona during June 1996 and February 1997 and observed higher carbohydrate

concentrations in the top centimeter of sediment in the summer. As part of the

same research program, Totti (2003) found thriving populations of

microphytobenthos dominated by diatoms at densities as high as 9,278 cells/cm2 in

the upper centimeter of sediment. A final piece of evidence supporting higher

densities of microphytobenthos in the summer comes from visual observations of

the cores during the June cruise. A rusty reddish-brown color veneer that can be

indicative of benthic microalgal populations was observed on the top of the cores,

whereas no such veneer was present in February.
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Benthic microalgal growth and hence EPS production is regulated by three

environmental variables: light, grazing rate, and physical disturbance (Cahoon,

1999). The most likely environmental variables responsible for the apparent

difference of microalgal abundance between winter and summer is the amount of

light reaching the seafloor. Resuspension leads to higher turbidity in the water

column and thus lower light levels at the seafloor. The decreased light levels could

preclude benthic primary production. The period leading up to the cruise in

February was characterized by high wave and current energy and many

resuspension events measured by a benthic boundary layer tripod at station CHC

(C. Sherwood, USGS unpublished data). The opposite was true for June, where

fewer and less intense resuspension events were observed immediately prior to the

sampling dates. The differences in frequency of resuspension events could

account for the apparent difference in microalgal abundance and hence in

erodibility between February and June at the southern stations.

This experiment has shown that sediment erodibility along the western

Adriatic varies both spatially along the margin and seasonally between summer

and winter months. The causes of these changes are most likely associated with

the physical parameters of the bed during the winter and with the biological

activity of benthic organisms in the summer. The next section will discuss the

potential impact sediment erodibility has on patterns of accumulation along the

margin.

EFFECT OF ERODIBILITY ON PATTERNS OF ACCUMULATION

A second objective of this research was to determine the extent to which

patterns in erodibility could affect the long-term accumulation of sediment on the

western Adriatic margin. An apparent paradox exists in the Adriatic Sea whereby

patterns of sediment accumulation do not directly correspond to riverine entry

points along the margin (Figure 2). High sediment accumulation rates occur north
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of the Gargano peninsula where no proximal riverine sediment supply exists

(Cattaneo et al., 2003). In addition, relatively little sediment has accumulated in

the vicinity of the Metauro River mouth despite an ample sediment supply.

Budgets balancing fluvial inputs with sediment accumulation rates based on 210Pb

geochronology indeed show that more sediment is delivered to the region north of

Ancona than accumulates on the seafloor (Frignani et al., in review). To the south,

the opposite is true with more sediment accumulating than can be accounted for by

direct riverine supply. According to Frignani et al. (in review), the excess

sediment in the north is transported south (-16 Tglyr) and accounts for as much as

43% of the observed accumulation between Ancona and the Gargano peninsula.

Sediment resuspension is an important factor in the dispersal of sediment

along the Adriatic margin. After initial deposition near river mouths, sedimentary

particles move along the margin during resuspension events, in some cases many

times, before finally accumulating. Hence, changes in sediment erodibility could

play an important role in determining the long-term pattern of accumulation along

the margin. The relative importance of erodibility on patterns of accumulation is

dependent on the physical forcing of the coastal ocean (i.e., waves and currents

leading to sediment resuspension). Although long-term data on sediment

resuspension do not exist, time-series measurements made by an instrumented

boundary layer tripod between November and June 2003 at station CHC show

fewer resuspension events occurring after February (C. Sherwood, unplublished

data). If the measurement made at CHC are representative of the conditions along

the margin, then patterns of erodibility in the summer should not be as important

as in the winter.

During the energetic transport season (February), measurements along the

20-m isobath show that northern sites have low erodibility and erodibility

increases southward (Figure 7). In the simplest case, where the bed is exposed to

the same applied stress from waves and currents over time, more sediment would

be eroded in the south (MEB-BC) compared to the northern sites (TR2-TR9).



These data suggest that the excess sediment accumulation relative to fluvial inputs

in the south (between Ancona and Gargano) cannot be explained by patterns of

erodibility alone.

Nevertheless, the impact of sediment erodibility on patterns of

accumulation remains ambiguous. Several factors complicate a simple

relationship between sediment accumulation and erodibility in the Adriatic. First,

the assumption that wave and current energy is uniform along the margin is

probably not correct. Preliminary results indicate, for example, that wave energy

is higher in the region off the Metauro River than elsewhere along the margin (C.

Sherwood, USGS unpublished data). Accounting for along-margin differences in

the stress applied to the bed is likely to be important in unraveling the impact of

erodibility on sediment transport in the region. By analysis of data from wave

buoys and instrumented boundary layer tripods and through numerical modeling,

the effect of along-shore variations in wave and current energy can be integrated

into direct measurements of the seabed to more fully appreciate the impact of

erodibility on the pattern of sediment transport and accumulation.

Second, changes in sediment supply over time could be a factor that

complicates the understanding of the difference between sediment accumulation

rates and modern riverine inputs. The western Adriatic has been extensively

modified by the activity of humans for several thousand years. In particular,

pervasive damming of Italian rivers since World War II has influenced both the

timing and magnitude of sediment release from rivers in the region (Syvitski and

Kettner, in review). However, evidence for drastic changes in sediment

accumulation patterns along the margin is not present in the geologic record.

Seismic stratigraphers have mapped the accumulation patterns at times scales on

the order of 500 years (the youngest progradational sigmoid) and 5000 years (high

stand systems tract) (Correggiari et al., 2001). Profiles of 210Pb reflect

accumulation rates at much shorter intervals (100 yr). The pattern of sediment

accumulation at these time-scales is broadly consistent (Frignani et al., in review),



suggesting that changes in sediment supply during the recent past are not

responsible for the paradoxical pattern of sediment accumulation along the margin.

Third, the position of the sampling stations did not coincide with the

across-shelf maximum of sediment accumulation along the margin. Although all

the stations were located at 20-m water depth, the depth of maximum

accumulation rates varies from the shoreline of the modem Po delta in the north to

roughly 50 m near the Gargano peninsula in the south (Corregiarri et al., 2001;

Frignani et al., in review). As a result, the impact of erodibility on the excess

sediment that has accumulated near the Gargano Promontory remains

questionable. The increased erodibility along the 20-rn isobath at the southern

stations in the winter may explain why the maximum accumulation rates shift

offshore in the southern area by supporting a greater degree of cross-shelf

transport and facilitating the movement of sediment into deeper water.

Lastly, the erodibility measurements made during February of 2003 may

not have been representative of typical wintertime conditions. The new sediment

that was delivered to several southern sites immediately prior to the sampling in

February undoubtedly influenced erodibility. If the freshly deposited sediment

was absent, then the pattern of erodibility may have been similar to June and

patterns of erodibility would have appeared to have a significant impact sediment

accumulation. In order to address this issue, measurements that resolve smaller

and larger scale temporal changes in erodibility will need to be made.

In conclusion, measurements made in the present study suggest long-term

sediment accumulation patterns along the western Adriatic Sea are not controlled

by patterns of erodibility. However, further studies that resolve both finer and

larger scale spatial and temporal variability in sediment erodibility and that

incorporate the physical forcing of the coastal ocean will have to be conducted in

order to more accurately resolve the relationship between erodibility and sediment

accumulation in the western Adriatic.
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SUMMARY

The physical and biological properties of sediment were characterized and

compared with measurements of sediment erodibility at nine stations along the

western Adriatic Sea. Physical and biological measurements included porosity,

bulk density, aggregated grain-size, inorganic and organic carbon and colloidal

carbohydrate.

Sediment erodibility along the western Adriatic sea varied both in time and

space. In the wintertime, sediment in the vicinity of the Po delta (in the northern

region) was less easily eroded than to the south. In the summertime, the pattern

reversed; sediment in the north was more easily eroded than the stations to the

south.

The physical characteristics of the seabed including porosity and grain-size

were important factors controlling erodibility during the winter. No relationship

between the physical characteristics of the seabed and erodibility was observed

during the summer. In the summer, it is likely that erodibility was influenced by

benthic organisms, especially microphytobenthos. Bioturbation may have been

responsible for the increase in erodibility observed between February and June at

station N22 in the north. To the south, lower erodibility in the summer was likely

caused by increased inter-particle cohesion and binding of the sediment with

exopolymeric substances (EPS) released by microphytobenthos.

A second objective of this research was to determine the extent to which

patterns in erodibility could affect the long-term accumulation of sediments along

the western Adriatic sea. The measurements made in the present study do not

support the hypothesis that along-margin differences in erodibility are controlling

accumulation in the western Adriatic sea. However, due to several complicating

factors, the impact of sediment erodibility on long-term patterns of accumulation

remains unclear. Measurable along-margin and seasonal differences as a result of
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both physical and biological variability of sediment properties clearly underline

the need for direct measurements of erodibility to make accurate predictions of

sediment resuspension in the western Adriatic Sea in particular, and continental

shelf environments in general.
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APPENDICES



APPENDIX A

This appendix includes a list of the hydraulically dampened gravity cores collected

on the R!V SEWARD JOHNSON II in February and June of 2003 as part of this

study.

Table Al. List of cores collected in February, 2003 as part of this study.

Date Station Latitude (°N) Longitude (°E)
2003-02-11 N14 44.79492 12.46043
2003-02-11 N14 44.79486 12.46111
2003-02-11 N14 44.79480 12.46033
2003-02-11 N14 44.79442 12.46004
2003-02-11 N14 44.79498 12.46103
2003-02-12 TR9 44.36328 12.52717
2003-02-12 TR9 44.36334 12.52697
2003-02-12 TR9 44.36347 12.52675
2003-02-12 TR9 44.36330 12.52667
2003-02-12 TR9 44.36331 12.52664
2003-02-12 TR9 44.36339 12.52651
2003-02-13 N22 44.76991 12.49175
2003-02-13 N22 44.76978 12.49223
2003-02-13 N22 44.76958 12.49182
2003-02-13 N22 44.76971 12.49191
2003-02-13 N22 44.76973 12.49185
2003-02-13 N22 44.76977 12.49194
2003-02-13 TR2 44.87001 12.50567
2003-02-13 TR2 44.86928 12.50609
2003-02-13 TR2 44.86957 12.50616
2003-02-14 TR2 44.86789 12.50910
2003-02-14 TR2 44.86903 12.50802
2003-02-14 TR2 44.86904 12.50796
2003-02-14 TR2 44.86914 12.50794
2003-02-15 N22 44.76903 12.49357
2003-02-15 N22 44.76933 12.49413
2003-02-15 N22 44.76920 12.49383
2003-02-15 MEB2O 43.91948 13.10768
2003-02-15 MEB2O 43.91971 13.10615
2003-02-15 MEB2O 43.91974 13.10584
2003-02-15 MEB2O 43.91945 13.10646
2003-02-15 MEB2O 43.91955 13.10652
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Table Al. (continued)

Date Station Latitude Longitude
2003-02-16 CHC2O 43.33213 13.87929
2003-02-16 CHC2O 43.33239 13.87891
2003-02-16 CHC2O 43.33380 13.87859
2003-02-16 CHC2O 43.33364 13.87960
2003-02-16 CHC2O 43.33434 13.87973
2003-02-17 CHC1O 43.29754 13.75745
2003-02-17 CHC1O 43.29747 13.75721
2003-02-17 CHC1O 43.29787 13.75711
2003-02-17 CHC1O 43.29825 13.75716
2003-02-18 BC22 42.00176 15.11876
2003-02-18 BC22 42.00225 15.11864
2003-02-18 BC22 42.00147 15.11823
2003-02-18 BC22 42.00208 15.11833
2003-02-19 CHC1O 43.29853 13.75678
2003-02-19 CHC1O 43.29844 13.75704
2003-02-19 CHC1O 43.29821 13.75648
2003-02-19 CHC1O 43.29803 13.75653
2003-02-19 CHC1O 43.29853 13.75691
2003-02-20 TR4 42.47920 14.2994 1
2003-02-20 TR4 42.47920 14.29896
2003-02-20 TR4 42.47902 14.29896
2003-02-20 TR4 42.48075 14.29878
2003-02-20 TR4 42.48077 14.29863
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Table A2. List of cores collected in June, 2003 as part of this study.

Date Station Latitude (°N) Longitude (°E) Depth (m)
2003-06-03 N22 44.76978 12.49286 21.4

2003-06-03 N22 44.76975 12.49299 21.4

2003-06-03 N22 44.76983 12.49278 21.3

2003-06-03 N22 44.76955 12.49313 21.4

2003-06-03 N22 44.76964 12.49271 21.4

2003-06-03 N22 44.76980 12.49349 21.5

2003-06-03 N22 44.76937 12.49285 21.4

2003-06-03 N22 44.76972 12.49271 21.4

2003-06-04 TR2 44.86925 12.65754 10.3

2003-06-04 TR2 44.86905 12.50762 10.5

2003-06-04 TR2 44.86971 12.50741 10.3

2003-06-04 TR2 44.86970 12.50740 10.3

2003-06-04 TR2 44.86875 12.50712 10.5

2003-06-04 TR2 44.86904 12.50707 10.6

2003-06-04 CHC2O 43.33332 13.87946 18.1

2003-06-05 CHC2O 43.33332 13.87951 18.1

2003-06-05 CHC2O 43.33336 13.87956 18.1

2003-06-05 CHC2O 43.33335 13.87958 18.1

2003-06-05 CHC1O 43.29806 13.75703 8.7

2003-06-05 CHC1O 43.29807 13.75691 8.6

2003-06-05 CHC1O 43.29808 13.75699 8.5

2003-06-05 CHC1O 43.29807 13.75701 8.6

2003-06-05 CHC1O 43.29807 13.75703 8.7

2003-06-05 CHC2O 43.33333 13.87955 18.1

2003-06-05 CHC2O 43.33333 13.87955 18.1

2003-06-05 CHC2O 43.33334 13.87958 18.0

2003-06-05 CHC2O 43.33334 13.87956 18.0

2003-06-05 TR4 42.48001 14.29868 18.7

2003-06-05 TR4 42.47994 14.29873 18.5

2003-06-05 TR4 42.47994 14.29886 18.7

2003-06-05 TR4 42.47995 14.29879 18.7

2003-06-05 TR4 42.47987 14.29890 18.8

2003-06-05 TR4 42.47989 14.29887 18.8

2003-06-06 RG2O 41.99580 15.89469 18.8

2003-06-06 RG2O 41.99585 15.89489 18.8

2003-06-06 RG2O 41.99588 15.89475 18.9

2003-06-06 RG2O 41.99585 15.89482 18.9

2003-06-06 RG2O 41.99588 15.89485 18.9

2003-06-06 RG2O 41.99585 15.89484 18.9

2003-06-06 BC22 42.00193 15.11789 20.8

2003-06-06 BC22 42.00228 15.11788 20.6
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Table A2. (continued)

Date Station Latitude (°N) Longitude (°E) Depth (m)
2003-06-06 BC22 42.00193 15.11788 20.6
2003-06-06 BC22 42.00218 15.11765 20.7
2003-06-06 BC22 42.00203 15.11861 20.9
2003-06-08 MEB2O 43.91957 13.10627 18.7
2003-06-08 MEB2O 43.91961 13.10648 18.6
2003-06-08 MEB2O 43.91960 13.10645 18.6
2003-06-08 MEB2O 43.91958 13.10646 18.5
2003-06-08 MEB2O 43.91956 13.10643 18.5
2003-06-08 MEB2O 43.91958 13.10642 18.5
2003-06-08 TR9 44.36326 12.52663 19.1
2003-06-08 TR9 44.36327 12.52661 19.1
2003-06-08 TR9 44.36327 12.52661 19.2
2003-06-08 TR9 44.36324 12.52659 19.1
2003-06-08 TR9 44.36326 12.52662 19.1
2003-06-08 TR9 44.36323 12.52662 19.1
2003-06-08 TR9 44.36325 12.52661 19.1
2003-06-09 N14 44.79535 12.46139 12.0
2003-06-09 N14 44.79517 12.46131 12.0
2003-06-09 N14 44.79517 12.46126 12.0
2003-06-09 N14 44.79519 12.46114 12.0
2003-06-09 N14 44.795 19 12.46108 12.0
2003-06-09 N14 44.79525 12.46116 12.0
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APPENDIX B

X-radiography has been extensively used as a qualitative aid in

observations of physical and biological sedimentary structures and layering. More

recently, quantitative measurements of millimeter-scale sediment texture and

density have been obtained from x-radiographs (e.g. Briggs et al., 1998;

Wheatcroft et al., in review). Included in this appendix is a comparison of bulk

density measurements from two independent methods: digital x-radiography and

wet-weight! dry-weight water content measurements.

To test whether or not the bulk density measurements derived from the x-

radiographs compare with more traditional techniques, water content

measurements were made on 18 cores during the June 2003 cruise. A syringe was

inserted in the sediment adjacent to the tray used for x-radiography. The syringes

were removed and sectioned at 0.5 cm intervals to 10 cm. The porosity of the 0.5

cm sections were later determined using standard wet-weight! dry weight

gravimetric techniques. Vertical profiles of bulk density extracted from the x-

radiographs (see methods for details) were also averaged over 0.5 cm intervals and

converted to porosity using equation (2) assuming a grain density () of 2.65

g!cm3 and a water density (p) of 1.026 g/ cm3.

Figure B 1 shows a comparison of porosity measurements derived from

water content (q i) and from x-radiography (q, 2). The linear regression was

forced through the origin. There is generally a good relationship between the x-

radiography based measurements and the water content measurements

(slope=0.96). The spread of residuals is roughly even over the range of porosities

that were encountered and was generally less than 10%.
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Figure B 1. Comparison of water content based porosity measurements (c i) with
x-radiograph based porosity measurements (pa) (top panel). The linear regression
was forced through the origin. Grey lines indicate 95 % confidence intervals on the
regression. Residuals on the linear regression over the entire range of measured
porosities (bottom panel). In both plots, the color of the dots show the depth
below the sediment-water interface of the sample.

Analysis of the residuals at each depth interval shows a clear relationship

between the depth of the measurement and the difference between the two

methods (Figure B2). Near the surface, the x-radiograph method overestimates

the porosity by as much as 20 % while at depth the x-radiograph based porosity

measurements are slightly lower than the water content measurements.
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Figure B2. Plot of the residuals of the above linear regression versus the depth of
the sample. Vertical error bars are plus or minus one standard deviation.

There are two possibilities for the difference between the two methods.

The first is that either method may be systematically in error. While there are

sources of error in each of the measurements, I do not believe this to be the case.

Rather, I suggest that the difference is caused by differential disruption of the

sediment during the sub-sampling of cores for the two techniques. As the x-ray

trays were inserted into the sediment, compaction on the order of 1 cm was

observed visually. Compaction is not as much of a problem with the syringe

samples for water content. As the syringe is inserted into the sediment, the

plunger is held at a fixed level above the sediment-water interface, thus holding

the surface sediment in place. Disparity in compaction between the two sub-

sampling techniques could explain why the x-radiograph appears to yield a lower

porosity compared to water content at depth. However, the x-radiograph based
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porosity is higher compared to the water content measurements at the surface (0 to

30 mm). This suggests that some other factor besides compaction is responsible.

Although the differences between the two techniques seem substantial, two-way t-

tests show that the differences are only significant in the upper 1 cm (Table Bi).

Table B 1. Results of two-way t-tests comparing x-radiograph and water content
based porosity measurements as a function of depth in the sediment. The null
hypothesis is that the mean porosity yielded by the two methods are equal
(a =0.05).

Depth (mm) Accept null? p tstat
-2.5 no 0.00 5.47
-7.5 no 0.01 2.74

-12.5 yes 0.06 1.96
-17.5 yes 0.82 0.23
-22.5 yes 0.90 -0.12
-27.5 yes 0.63 -0.48
-32.5 yes 0.46 -0.74
-37.5 yes 0.44 -0.78
-42.5 yes 0.26 -1.15
-47.5 yes 0.12 -1.63
-52.5 yes 0.13 -1.56
-57.5 yes 0.18 -1.38
-62.5 yes 0.22 -1.26
-67.5 yes 0.15 -1.48
-72.5 yes 0.15 -1.48
-77.5 yes 0.14 -1.52
-82.5 yes 0.12 -1.62
-87.5 yes 0.11 -1.65
-92.5 yes 0.14 -1.54
-97.5 yes 0.18 -1.38

This comparison suggests that x-radiography is a reliable technique for the

measurement of sediment bulk density and porosity, and is especially

advantageous when fine-scale measurements are necessary. However, significant

differences between the x-radiograph based and water content porosity

measurements in the upper 1 cm will have to be reconciled.




