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ABSTRACT 

The influence of mobile fragments of macroalgae of the species Chondrus crispus and 

FurceIIaria lumbricalzis on the erosion of prepared artificiai cohesive beds was 

investigated in a Mini Flume. The purpose of the study was to describe how mobile 

fragments of rnacroalgae were transported at varying current velocities, and to detennuie 

whether theù transport had the potentid to significantly alter the erosion of cohesive 

beds. Algal fionds were divided into three sizes and abundances and each trial was 

replicated three times to determine intrinsic variability and to allow for statistical 

analysis. There was a high degree of variability in the suspended sediment concentrations 

and erosion rates within treatrnents. This was attributed to: (1) variation of the average 

settling rates of algae used in the trials; (2) variation of dgal velocities with respect to 

current velocity; (3) vanability of the morphologies and structural rigidities of the algae 

used; (4) variation in percent contact of the algae with the bed; and (5)  interactions 

between algal fionds. Results showed that mobile algal fragments significantly increased 

erosion rates and suspended sediment concentrations over those of the control 

experiments, in which there was no apparent fluid induced erosion of the bed, and that 

erosion rates and suspended sediment concentrations varied directly with respect to algal 

size and abundance. Mode of algal transport varied with current velocity and species; 

however, a general trend was observed: motion began by sliding and rolling, followed by 

a mixture of suspension and sliding and then by continuous suspension of the 

macroalgae. The study concluded that mobile macroalgae moving as bedload have the 

potential to sigmfïcantly increase erosion rates and suspended sediment concentraions of 

cohesive sediments within the lagoon of Venice, Italy. 
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(i) SSC = Mass Suspended Sediment Concentration (mg L-I) 

(ii) OBS = Optical Backscatter Sensor 

(iii) Ua = Algal Velocity (m s-') 

(iv) Uy = Curent Velocity (m s-') 

(v) U* = Friction Velocity (m s-') 

(vi) [Suspended Sediment] = Suspended Sediment Concentration (mg L-') 



ACKNOWLEDGEMENTS 

The study was carried out under the supervision of Dr. Cari Amos (Senior 

Lecturer at the Southampton Oceanography Centre, U.K.) and Dr. Graham Daborn 

(Professor of Biology at Acadia University and Director or the Acadia Center of 

Estuarine Research). Dr. Dabom devoted a great deal of time discussing various issues 

and proofieading the tex& and for that 1 am grateful. 1 would like to thank Dr. Amos for 

providing me with the opportunity to go to Venice, Itdy and be involved in such a 

wonderful research program. Furthemore, thank you Dr. Amos and Richard Pickrill 

(Geological Survey of Canada - Atlantic) for suppIying equipment, time and financial 

suppoa to ensure the success of the project. 

Patrick Farel1 and Valerie Partridge, of the Acadia Statistical-Consulting Center, 

were extremely helpful with the experimental design and the statistical analysis of the 

data. I would also like to thank Mogens Flindt for providing useful background 

information and field observations of macroalgae within the lagoon of Venice. 

In addition, 1 would like to thank Lisa Langille for her support and proofi-eading 

of the text and Iain Hollis for helping me search for and collect specimens. 



INTRODUCTION TO STUDY 

1.0 INTRODUCTION AND PURPOSE 

Muddy s e h e n t s  show an increased resistance to erosion over that which would 

be expected fkom the analysis of size and weight of the constituent sediment particles 

alone. This added erosion resistance is the result of interparticle surface attractions 

(Paterson & Underwood, 1990; Boggs, 1995) induced by flocculation in sea water and 

by the organic binding of sediments by marine phytobenthos (Neumann et al., 1970; 

Holland et al., 1974; Grant et al., 1986; Vos et al., 1988)- Thus, muddy sediments are 

generally referred to as cohesive sediments. 

It was long believed that the erosion of cohesive sediments resulted fiom the 

release of particles into suspension when the shear stress (t,) exceeded some threshold 

stress (r,). However, Iater studies have shown this explanation to be an oversimplification 

of the process (Mehta & Partheniades, 1982). Mehta and Partheniades (1982) revealed 

that two predominant foms of erosion exist within laboratory experiments; they were 

entitled Type 1 and Type II erosion. Type 1 erosion exponentially decays to zero wiîh 

tirne and involves the release of fiocs into suspension under low Reynolds numbers. Type 

II erosion is continuous over time and involves the release of rip-up clasts, which form 

mobile aggregates that move as s d a c e  creep and in saltation (Amos et al., 1997; Amos 

et al., 1998a). En addition, Amos et al. (1 998a) showed that there was a bed load 

component to the transport of sediment over cohesive beds. It is believed that the 

incorporation of shell hgments as well as organic and inorganic detritus increases the 

erosion rates of cohesive sediments over those of the fluid induced erosion (Amos et al., 

1998a; Amos et al., in press). 



It is known that extremely high growths of macrodgae, triggered by 

eutrophication, and their drift, have had senous enviromentai impacts in marine 

environments (Sfiiso et al., 1989; McComb and Davis, 1993; Bach et al., 1993; Runca et 

al., 1993; Morand and Briand, 1996). Morand and Briand (1996) suggest that examples 

of excessive growth of macroalgae (particularly the chlorophytes Ulva and Enteromorpha 

and the rhodophyte Gradaria) are becoming more widespread as a resdt of increasing 

eutrophication of coastal waters, and now occur in at least 25 countries around the world. 

Lagoons, bays and shdow estuaries located near agricultural, industrial and urban areas 

appear to be most af5ected by these increases in macroalgal growth (Morand and Briand, 

1996). Negative impacts of these excessive growths include problems such as anoxic 

conditions (Sfiso, 1987; Sfriso et al., 1987; Tagliapietra et aZ., 1988; McComb and 

Davis, 1993; Bach et al., 1993; Runca et al., 1993; Sfiso et al., 1993; Sfiiso and Pavoni, 

1994; Den Hartog et al., 1996; Flindt et al., 1997ab), decline in the aesehetic appearance 

of coasts (McComb and Davis, 1993; Bach et al., 1993; Morand and Briand, 1996), and 

the elimination of sea grasses (SfÏiso, 1987; Sfbiso et al., 1989; Bach et al., 1993; 

McComb and Davis, 1993; Runca et al., 1993; Den Hartog ,1996; Sfi-iso and Marcomini, 

1996; Tagliapietra et al., 1998). 

Despite the mention of altered sediment characteristics (Morand and Briand, 

1996) and decreased resuspension of sediments correlated with high UZva densities 

(Sfiso and Marcomini, 1997), no research has focused on the direct sediment impacts of 

algal drift at the sediment-water intefice. F h d t  et al. (199%) determined that advective 

transport of macroalgae, at varying heights in the water column, represented the major 

loss process for this material fiom the lagoon of Venice, Italy. Moreover, some species of 



macroalgae have fairly high s e t h g  rates and are transported as bed load within the 

lagoon of Venice (e.g. Chondnrs crispus and Gracilaria sp.) (Flindt M., personaï 

communication, 1998). However, Flindt et al. (1997b) also mentioned that M e  is known 

about the quantitative aspects of advective transport of macroalgae within coastal 

ecosystems. 

The purpose of my study was to descnbe how mobile fragments of the 

macroalgae Chondrus crispus and Furcellaria ZurnbricaZis were transported at varying 

current velocities, and to determine whether their transport had the potential to 

significantly alter the erosion process of artifïcial cohesive beds in a Mini Flume. 

Furthemore, this study was designed to assess the effects (if any) of size and abundance 

of the two species on the erosion process. 

1.1 BACKGROUND 

a Ozdine 

This project was carried out under the s u p e ~ s i o n  of Dr. Car1 L. Amos and Dr. 

Graham Daborn and was part of the Geological Survey of Canada's (GSC) component 

for F-ECTS (Feed-back of Estuarine Circulation and Transport of Sediments on 

Phyîobenthos). 

The m a i .  focus of F-ECTS is to examine feed back loops involving phytobenthos, 

hydrodynamics, nutrient cycling, and sediment transport in estuarine ecosystems 

(THETIS, 1997). F-ECTS considered the Iagoon of Venice to be a pilot case study and it 

was designed to allow the pararnetenzation of the main physical and biological processes 

of the ecosystem, which would provide a specific background for the comparative 

assessrnent to two different European estuarine ecosystems: Laguna della Ria Formosa 



(Portugal) and Roskilde Fjord (Denmark) using the same techniques. Based on these 

parameterized biophysical interactions, linked models for the simulation of the feed-back 

between the physical processes and the phytobenthic habitat wil1 be set up. 

The GSC worked as a sub-contractor to the University of Wales Cardiff, UK in 

order to achieve the goals defined in the European Community's proposal F-ECTS 

(Amos C.L., personal communication, 1998). The work presented in this thesis is a 

constituent of the GSC's component to examine the impact of ballistic momentum flux 

(Le, erosion and deformation of a bed caused by the energy transfer fiom saltating 

material to the bed via its impact) of macroalgae on the lagoon of Venice sediments. 

b. Lagoon of Venice 

The Iagoon of Venice (Plate 1) is a shallow coastal embayment located in the 

northern end of the Adriatic Sea in northeastern Italy (45°30'N, 12'2 1 'E). Its origin dates 

back to approximately 6000 years ago when a rishg sea level flooded the upper Adnatic 

Wurmian Paleoplain (Gatîo & Carbognin, 198 1). The present lagoon is 50 km long and 

between 10 to 15 km in width, covering a total area of 550 lcm? (THETIS, 1997; Day et 

al., 1998). 75 % of the lagoon consists of relatively shallow water (less than 1 rn deep) 

with an average depth of 1.1 m and a tidal range of 0.6 to 1.1 m (THETIS, 1997; Day et 

al., 1998). Shallow areas are separated by tidal charnels that can reach depths up to 20 m 

(THETLS, 1997). It is classified as a restricted lagoon, as the three seaward entrances 

(Lido, Malamocco, and Chioggia) are relatively narrow and open at al1 times (Calvo et 

al., 1991). 



Plate 1. Aenal view of Venice and its Iagoon. 



The tidal currents flowing through these entrances can reach velocities up to 2.69 mls at 1 

m fÏom the bottom sediments (Calvo et al., 1991). Freshwater and d e n t s  are 

predominately supplied to the lagoon by its 1830 km2 drainage basin (THETIS, 1997). 

This drainage basin is heavily rzifluenced by human activity, which in tum, aEects the 

morphology, productivity and relative "health" of the lagoon, It is estimated that 7-9 

million kg of nitrogen and 1 million kg of phosphorous enter the lagoon per year fkom 

agricultural and urban sffluents dong with civil and industrial point sources (Bach et al., 

1993; Flindt et al., 1997% THETIS, 1997). In the lagoon these nutrients serve as 

fertilizers for macroalgal growth, allowing blooms to occur when favorable 

environmental conditions correspond with the high nutrient concentrations (Bach et al., 

1993). Five major rivers and 20 minor tributaries discharge fiesh water to the lagoon 

(Flindt et al., 1997a). Salinity varies both spatidly and temporally and can range fiom 5 

to 40 O/, (THETIS, 1997). Surface sediments consist plunarily of fine-grained sediments, 

with clay and silt size pstrticles domuiating the substrate (Calvo et al.$ 199 1). 

c. Macroalgae within the Lagoon of Venice 

The intense eutrophication of the lagoon of Venice (as mentioned above) has 

caused the increase in biomass of macroalgae, especially green opportunistic species, 

such as UZva ri@. As a result, macroalgae are the predominant primary producers 

found within the lagoon (Runca et al., 1993; SEso et al., 1994). E s  dominance has 

caused serious environmental problerns for the ecosystem and has consequently reduced 

the quality of the ecosystem through anoxia, reduced light penetration to the bed, 

cornpetition, reduced species diversity, and aesthetic degradation. 



Populations of rnacroaigae withui the Iagoon are subject to change. 

Anthropogenic alterations (e-g. pollution, changes in nutrient concentrations, 

hydrodynamic aiterations, etc .) and adverse meteorological conditions (e.g . temperature, 

winds, cloudiness, etc.) are thought to impact the distribution, ciiversity and abundance of 

the lagoon's macroalgae. Sfnso's (1987) cornparison with previous studies (e.g Schiffner 

and Vatova (1938) and Pijpatti (1962)) showed an increase in the biomass of 

Chlorophyceae &om 25 to 34 % accompanied with a reduction in Rhodophyceae fiom 62 

- 51 %. Furthemore, environmental changes occurred within the central part of the 

iagoon b y which Enteromorpha sp., Ulva rigida, Punctuaria Zatzioliu, CZadophora sp., 

and GraciZaria vemcosa had replaced the sea grasses Cyrnodocea nodosa, and Zostera 

noZtii. In addition to changes in macroalgae abundance, SfXso (1987) observed a vertical 

rising of deeper vegetationd zones, consequently resulting in the present species growing 

in shallower water than they had grown in before. 

Before the mid to Iate 1980s Gracilaria was the second largest population of 

macroalga in the lagoon of Venice in terms of biomass production (mean standing crop of 

36 000 t and an annual production rate of 132 000 t (wet weight)) (Sfnso et al., 1994). 

During the 1 9 8 0 ~ ~  when UIva rigida dominated the macroalgae biomass, growth of 

Gracilaria sp. was restricted; it predominately grew in areas containing low Uiva 

densities (e.g. canal edges and areas with high currents and high suspended particdate 

matter). In the lagoon of Venice, Gracilaria is represented by at least five species, with 

the predominant species being GraciZaria vemcosa and Gracilaria longa (together they 

represent > 95 % of the GraciZaria biomass of the lagoon) (Sfriso et al., 1993). 

Calculaiions of biornass and net production over the entire lagoon for 1993 showed that 



Gracilaria had a mean standing crop of approximately 16 000 t and a net annual 

production rate of approximately 70 000 t (wet weight). Gracilaria is a seasonal species 

with peak biomass being achieved between June and September, depending upon the 

location within the lagoon. Decline of this species was attributed to the increased 

anthropogenic harvesting for agar and the increased cornpetition with U. rigidaa (Sfiiso et 

al., 1994). 

Since the 198Gs U. reda has been the predominant macroalga witbin the iagoon 

of Venice. Production of this species was high between early spring and late autumn, and 

biornass peaks reached up to 20 kg m-2 (Sfiso et al., 1 987). Biomass peaks were 

generally followed by an anoxic crisis, due to the respiratory demands for oxygen 

exceeding that produced by photosynthesis, which in turn led to the accumulation of 

hydrogen sulphide (SEso and Pavoni, 1994). More recently, Sfriso and Marcomini 

(1 996) mentioned that Ulva has progressively decreased in abundance and distribution, 

since 1990, over the entire lagoon. This decline was atenbuted to mfavorable weather 

conditions, increased resuspension of particdate matter, increased grazing pressure, 

harvesting by the Venice Municipality, and the dismptive actions of Tapes fishing (Sfriso 

and Marcornini, 1996). Furthermore, SfZso and Marcomini (1996') believe that other 

seasond macroalgae, such as GraciZaria and Enteromorpha, and submersed macrophytes 

are progressively spreading to the areas previously covered by the dense popdations of 

Uva rigida. 

4 GeneraI FZume Application and Design 

F l u e s  have been used extensively in sedimentary geology and civil engineering 

over the last century to examine modes and rates of sediment transport (Nowell and 



Jumars, 1987). Nowell and Jumars (1987) state that there is no universally applicable 

flume and that k e  design and operation must be developed with the specific objective 

of the study in mind. Amos et al. (1 992) mentioned that amular flumes have many 

attributes that make them appropriate for studying bed erosion. Their constant channel 

geornetry and idbite flow length allow them to fully develop a benthic boundary layer 

above the sediment surface (Amos et al., 1992). Furtherrnore, annular ffumes elirninate 

the problems associated with entrance and exit conditions as mentioned by Nowell and 

Jumars (1 987) and Widdows et al. (1998). In addition, substrate problems associated with 

consolidation times and bed stratification induced by settling, as well as edge effects and 

artifacts created by transporthg and placing a sample in the flurne were 

reduced/elimïnated by using an artificial cohesive bed (Amos et al., in press). 

1.2 PREVIOUS WORK 

SMso and Marcornini's (1 997) study on the macrophyte production within the 

lagoon of Venice, revealed that large densities of Ulva signincantly influence nutrient 

concentrations, oxygenation of the sediment and the sediment resuspension process. 

Moreover, their study showed that high densities of UIva inhibit sediment resuspension 

due to the hi& sediment coverage by the UZva fionds. 

During a Sumner field carnpaign Flindt et al. (1997b) studied the growth and 

losses by grazing, spodation and advective transport of benthic macroalgae in the 

lagoon of Venice. From their study it was determined that the transport of U7va sp. and 

Chaetomorpha sp. were linearly related with current velociîy and that different species of 

macroalgae were transported at different depths within the water colurnn. Furthennore, 



Flindt et al. (1997b) conciuded that the main Ioss process, for these aquatic species, was 

due to the advective transport of the material fiom the lagoon. 

Amos et al. (1998a) mention that large particles that contact a bed have the 

potential to contribute to the erosion threshold and the erosion rates of that bed. 

Furthermore, the study by Amos et al. (1998a) showed that the shape of an aggregate was 

important in the erosion process. An additional study performed by Amos et al. (in press) . 

showed that saltating shells increased the erosion rate over the fluid induced erosion by a 

factor of twenty. Furthermore, their study revealed that the shell erosion rate was affiected 

by the mode of transport of the shells and the erosion rate increased with shell diameter 

and shell number. Consequently they deduced that the littorinid shells scattered over the 

mudflat of -4nnapoIis Basin had the potential to significantly increase the erosion of the 

bed (Amos et al., in press). 

This study was based on the above concIusions of Flindt et al. (1997b), Amos et 

al. (1 W8a) and Amos et al., (in press), and was designed to assess the impacts (if any) of 

macroalgae on the erosion of cohesive beds and to describe how the macroalgal 

fragments were transported with respect to current velocity. 



METHODOLOGY 

2.0 GENERAL METEIODOLOGY 

Two species of macroalgae (Chondrus crispus and Furcellaria Zumbricalis) were 

collected and used for experimentation in a laboratory setthg tube and Mini Flume. 

Experhents were conducted at the Bedford Institute of Oceanography, Nova Scotia, to 

determine the impact of abundance and size of the two algal species on the erosion of 

artificial cohesive beds. Each species of macroalga was divided into three abundance 

(e-g. 2,4 and 6 pieces) and three size categories. Setthg rates for al1 of the algal pieces 

were measured and recorded pnor to erosion experiments. Erosion experiments were 

performed inside a Mini Flume, which was capable of creathg a range of current 

velocities and detecting changes in mass suspended sediment concentration (SSC) of the 

water column at different current velocities. Erosion experiments were performed in 

triplicate to help determine the intrinsic varïability of the erosion process and to allow for 

statistical analysis of the effects of the macroalgae on the erosion of the muddy 

sediments. 

2.1 ALGAE PREPARATION 

a Choice of Macroalgue 

Originally the experiments were designed to study the impacts of rnacroalgae (e-g. 

Chondrus crispus and Gracilaria sp.) collected fiom the lagoon of Venice, Italy. 

However, local specimens had to be used due to unforeseen delays with the transport of 

rnacroalgae fiom Venice to Nova Scotia and the limited availability of the Mini Flume. 



Chondrus mispus (Plate 2), cornmonly known as Irish Moss, and FurceIIaria 

lumbricalis (Plate 3)  were chosen because they could be easily classïfied into different 

size categories, had fairly high setilhg rates, were easily collected locally in Prince 

Edward Island (P.E.I.) and resembled the morphology of species that were readily 

transporîed in the lagoon of Venice (Flindt, M., personai communication, 1998). 

Furthemore, based on preliminary settling experirnents in Venice, Italy and a personal 

communication nom Mogens Fhdt ,  these species were chosen as they were thought to 

be transported near the bottom of the water column. These observations suggested that C. 

crispus and F, ZumbricaZis may have more impact on the erosion of benthic sediments 

than macroalgae andor macrophytes that are transported w i t h  the upper layers of the 

water colurnn (e.g. Zostera sp., Ulva sp.) (Flindt et al., 1997b). 

Both C. crispus and F. lumbricalis are red algae and belong to the Phylum 

Rhodophyta. Bird and McLachlan (1 992) descnbe atîached C. crispus plants as bushy, 

loose to dense clumps of fionds arising fiom a cnistose holdfast. They Vary in form 

depending upon the environment in which they grow (e-g level of turbulence) and can 

reach heights up to 32 cm tall. The basic anatomy consists of repeated, widely divergent, 

dichotomous branching in one plane above a tapered, stipe-iike lower portion, which is 

compressed to flattened throughout except at the terete (Le. cylindrical) base. This 

species is known to occur in the low intertidal zone and mid-tidal pools as well as 

subtidally up to 1 6- 1 8 m in depth (Bird and McLachlan, 1 992). 

Attached plants of F. lumbricalis are descnbed as being bushy, consisting of 

slender, regularly dichotomously branched fionds arising from a fibrous holdfast of 

tangled branched stolons. The plants are generally 10-1 5 cm ta11 and occur subtidally, 



Plate 2. Photographs of a Chondrus crispzrs plant with moderately broad fionds (A) and 

an individual fiond showing typical compact, regularly dichotomous branches above the 

stipe. (Bird and McLachlan, 1992) 

Plate 3. Photographs of a Furcellaria Zumbricalis plant (A) and an individual fiond (B). 

(Bird and McLachlan, 1992) 



primarily in depths ranging between 2 -12 m deep in the Maritimes. This species has 

been known to occur in great numbers on local beaches as driftweed and is harvested for 

carrageenan (Bird and McLachIan, 2992). F. lumbricaZis was chosen for these 

experkents as it superficially resembles the morphology of Gracilaria tikvahiae, whose 

distribution is known to some degree withui the lagoon of Venice (Sfnso et uZ.,1994). It 

grows in similar water depths to G. tikvahiae, and both F. Zumbricalis and G. rikvahiae 

are known to occur as drift weedhee living populations (Bird and McLachlan, 1992). 

Bird and McLachian (1992) describe the dga, which was formerly known as Gracilaria 

foZivera and Gracilaria verrueosa, as being between 30-40 cm tall, fi-eely and irreguiarly 

branched plants with fionds that range fiom terete to flatîened which may be highly 

variable on a single thallus. They c m  occur as attached or fkee living populations. 

Attached individuals generally grow in the subtidal zone in water depths of 

approximately 2 m and are held to the substrate by a discoid holdfast. Free living 

populations may occur at greater depths; they tend to form large bushy clumps and are 

thought to originate f?om a shallower habitat. 

b. Collection and Prepmation of the Macroalgae 

Boîh species of macroalgae used for the settling and erosion experiments were 

collected fiom the so~them shore of P.E.1, Canada. Sediment and organisms living on the 

algae were cleaned fiom the material by gently rubbing the thaili and ~ s i n g  them with 

water. This was done to ensure that their settling rates and impact on erosion were solely 

amibutahle to the macroalgae. M e r  cleaning, the macroalgae were preserved in a 5 Oio 

fornalin and seawater solution. 



Specimens of both species of algae were divided into three size categories (smd, 

mediumt and large) according to mass, and were chosen so that they were 

rnorphologically smdler representative pieces of the whole. For example, the size 

categories were achieved by removing algai branches, while maintaining similar 

morphologies to the original piece. Furthermore, care was taken to ensure that these size 

categories were srnaIl enough so that they wodd not readïiy interact with the walls of the 

Mini F l u e  (Le. they were smaller than the flume width). Small, medium and large 

pieces of crispus had average & 1 sd) wet weights of 0.46 t 0.01, 1.26 + 0.03, 1.86 + 
0.04 grams respectively; F. Zumbricalis pieces had average @ 1 sd) wet weights of 0.25 f: 

0.0 1, 0.76 & 0.02, and 2.04 t 0.03 gram respectively. Care was also taken to ensure that 

pieces of the macroalgae did not dry out during the weighuig procedure. For example, 

&er the water was removed fkom the surface of the macroalgae, by blotting with paper 

towel, and the weights were detennined, the pieces were submerged in a seawater 

container to prevent them fiom drying. 

2.2 SETTLING EXPERIMENTS 

a SeîiIing Procedure and Description of the Seftling Tube 

The range of algal masses that were used in the Nova Scotian settling experiments 

was smaller than that of the mass range used in Venice. It was beheved that some of the 

larger specimens that were settled in Venice were too large for the Mini FIume and wodd 

make too much contact with the wds.  Therefore, a smaller mass range (as mentioned 

above) was used for the settling and erosion experiments. 

All Nova Scotian settliog experiments were per£onned in a 168 cm long acrylic 

settling tube (Plate 4) with a diameter of 1 1.90 cm. A rneasuring tape was attached to one 



Plate 4. The settling tube that was used to determine algal still water settling velocities. 



side of the tube so that accurate measurements of settiing rates could be determined. 

Seawater with a salinity of - 32 O/, was waxmed to the room temperature (20.5 to 21 -5 

OC) and then filtered through a Tyler Equivalent 150 mesh sieve (opening = 106 pm) to 

remove suspended particdate matter. The filtered seawater was then poured into the tube 

and fïlled to the 160 cm level. Afier filling the tube, air bubbles &om the inner wall were 

removed by scraping the s d c e  with plastic hosing. Removai of the air bubbles ensured 

that the settling time of the algae would not be aliered by trapping air beneath them as 

they settled. 

M e r  the setùing tube preparation was complete, a piece of aiga was carefully 

pIaced in the first few centimeters of the water column and gently moved to ensure that 

no air was trapped between branches. Following reiease, each piece was dowed  to settle 

for 20 cm before the timing began. This allowed the aggregate to achieve its 

characteristic setîling orientation before timing began. The settling alga was timed using 

a ~imex@ stopwatch for a distance of 100 cm. Still water setîling rates were determhed 

by dividhg the distance settled by the time required to settle that distance- A 

representative portion of al1 settling expenments was video taped using a SOM 

Handycam video camera The above procedure was carried out for every piece of alga 

used in the erosion experiments. Settling experiments in Venice were carried out in the 

same procedure as outlined above using a similar settling tube with slightly larger 

dimensions (e.g. diarneter = 12 cm, length = 2 m). 



2 3  EROSION EXPEEUMENTS 

a. Description of the Mini Flurne 

The Mini Flume (Plate 5 and Fig. 1) is a smaller version of the Lab Carousel 

(Amos et al., 1998b) and was designed to examine the erosion and settling rates of 

marine sediments under controlled conditions. It is an annular flume with a diameter of 

30.5 cm and an annulus width of 4.5 cm. The flume is constnicted of transparent acrylic 

to allow for clear visual observations of erosion and settling. Flow within the annulus is 

induced by a rotating circular lid containhg four equidistantly placed square paddles. Lid 

rotation is driven by an OEM@ series stepper motor (mode1 # OEM 83-135-MO), which 

is powered by a Xantrex 1000 watt power supply. The flurne contains three D & A 

hstruments@ optical backscatter sensors (OBS), which are installed at heights of 4 cm, 10 

cm and 20 cm above the bed. Data f?om the sensors were logged at 1 Hz on a Campbell 

scientificB CR 10 data logger and stored on diskette. The flume also contains three 

sampling ports (located at the same heights as the OBS) which are used for collecting 

water samples and for filling/emp*g the flme. 

The flow field, the height of the boundary layer, turbulent intensiv, and the wall 

effects of the Mini Flume were examined using a Laser Doppler Velocimeter. These 

results showed that a benthic boundary layer existed approximately 1 cm above the bed 

regardless of the water speed. Velocity increased rapidly, upward from the bed, within 

the boundary layer and remained constant above this level (Fung, 1997). 



Plate 5. The Mini Flume that was used for al1 of the erosion experiments. 
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Figure 1. Technical diagram of the Mini Flume showing nume constituents 

(e.g. Drive motor (A), rotating lid (B), paddles (C), sample ports (D), 013s sensors 

(E, - E,), and annulus (F)) and their dimensions. (Amos et al., in press) 



b. Description of the Clay Beds and Bed Preparation 

The clay bed used in the erosion experiments was fomed with Tucker's PHB non- 

grog@ pottery clay. The clay is an industrial mixture of glacial clays fiom Kentucky, USA 

and is classifïed as a sofi silty clay (after Terzaghi and Peck, 1967). It contains 4 % very 

fine sand, 56 % silt and 40 % clay and consists of quartz, kaolinite, and iEte with no 

organic matter (Amos et al., in press). The pottery cLay had a mean water content of 20 % 

and a mean wet bulk density of 2470 kg/m3. Preparation of the clay bed for the 

experiments was based on Amos et al. (in press). One third of a clay pug was rolled out, 

using a rolling pin (Plate 6 a,b,c), to produce a flat disc approximately 36 cm in diameter 

and 1.5 cm thick. This served as an erodible substrate for the experiments and also acted 

as a watertight seal for the base of the Mini Flume. 

It is realized that this aaincial bed is not representative of natural sediments 

occinring withkt the lagoon of Venice. However, this bed was chosen for 

experimentation as it was easily prepared and eliminated problems associated with 

settling naturai sediments in laboratory flumes (Amos et al., in press). It is thought that 

the erodibility of this bed is lower than that of the naturai sediments from the lagoon of 

Venice; hence, the erosion results would be conservative. However, it was assumed that 

the overall process of erosion and the various modes of transport of the algae would be 

similar in the f l u e  as in the lagoon of Venice. 



Plate 6 a,b,c. Procedure for preparing the clay bed. 



c. Motot Program and Sampling Protocol 

The OEM? series stepper motor was programmed to rotate the lid at seven 

different velocities (Table 1)- Each velocity was maintained at a constant value for a 

period of 20 minutes before increasing to the next velocity increment. The azmithual 

cment velocity (U,) was related to lid rotation (RûT) by the equation: 

(1) U,, = 0.56 (ROT) (Amos et al., in press). 

Table 1. Time (min), step number and the corresponding lid rotation speed (ROT) and 

azmithual current velocity fi). 

The suspended sediment concentration at each step was determined by taking a 60 

ml water sample fkom the middle sampling port ten minutes after each velocity increase. 

Water samples were then filtered through pre-weighed and dried, 25 mm Whatman 

GF/B@ glass fiber filters to determine the mass concentration of sediment in suspension 

in mg L'~; this was used to calibrate the OBS. OBS calïbration was performed by 

regressing the measured mass concentrations of sediment (mg L") against the OBS 

voltages (mV). OBS voltages for each experiment were then transfonned to suspended 

sediment concentrations (mg L-') by substituthg the OBS mV values into the 

correspondhg regression equation calculated above. The overall OBS output data vernis 

suspended sediment concentration was strong and the data fkom experiments overlapped; 

Time (min) 
O 

Step # 
- 

ROT ( d s )  
O 

UV ( d s )  
O 



therefore, a single calibration curve could have been used (Appendix A). However, 

separate calibrations were perfonned for the individual experiments to increase the 

accuracy of the conversion. Individual calibrations for erosion experiments had an 

average 6 1 sd) r-squared value of 0.940 f 0.1 18 and an average (t lsd) p-value of 0.003 

+ 0.010. However, the overall relationship for the control experiments was not as strong - 

(Appendix B) and the calibrations for the individual erosion experiments had an average 

(t lsd) r-squared of 0.328 + 0.078 and an average @ Isd) p-value of 0.146 2 0-064. 

d Erosion EXperiments 

M e r  the bed was rolled out hto a uniform disc, the fiame of the Mini Flume was 

pushed into the clay fomiing a donut-shaped pattern (annulus width = 4.5 cm) in the 

sediment (Plate 7). The flurne was then carefully filled with flltered seawater, at room 

temperature, to a height of approximately 22 cm above the bed (volume = 7.9 L). The 

varying numbers and sizes of algal pieces were added (depending on the experiment and 

with the exception of control experiments) so that they were spaced equidistantiy fkom 

one another. Findly, the lid was secured to the fiame and the data logging began. Data 

were logged at still water conditions for approximately 15 minutes to allow the OBS 

sensors to stabilize at ambient suspended sedunent concentrations before initiating the 

experiment. Ten minutes after Iogging at O velocity the £ïrst SSC sample was taken and 

filtered. After an additional 5 minutes the motor program was initiated and the SONY@ 

Handycam video carnera was started to record the experiment. Initial observations of the 

mode of transport of the algae and their erosional impact were noted; however, more 

detailed observations were made later by reviewing the videotapes of the experiments. 



Plate 7. Flume "footprint" left in the clay bed after an experiment. 



Erosion experiments were performed in tripkate for each of the three size 

categories and the three abundance categories for both species of rnacroalgae. Ln addition, 

six control experiments were performed (4 with water samples used to calibrate OBS), 

yieIding a total of 42 erosion experiments. Experiment order was randomized to reduce 

any effects that might be attributed to increasing ski11 at preparing the clay bed. 

Furthemore, experirnents were redone when difficdties arose (Sequent)  during the 

flume operation (e.g. problems with OBS, power failure, algae getting caught on OBS, 

etc.). 

2.4 DATA ANALYSIS 

a Video Analysis 

Individual video experiments were analyzed using a sony@ SVO-1450 VHS 

VCR. Video tapes were analyzed to cietennine the duration that the algal pieces spent in 

motion for each velocity step, how the algal pieces interacted with one another and îhe 

bed, algal velocity, percent contact time with the bed, and the mode of transport. 

Algal interactions were M e r  quantifïed by recording the times that the algae 

spent as individual pieces or as aggregates during each of the seven velocity steps. Algal 

velocities were detemiined for the individual pieces and respective clumps for each 

velocity step of al1 of the trials. This velocity was calculated by dividing the distance the 

alga traveled (e.g. 5 times the circumference at the center of the paddles in most cases) by 

the time required for the number of revolutions measured This procedure was averaged 

for three subsets within each velocity step (when possible). Furthermore, the difference 

between algal veiocity (Ua) and current velocity (U,) was calculated dong with percent 

energy transfer (Amos et al., in press). Percent energy transfer was estixnated by dividing 



the aigal velocity by the current velocity and converting thîs number to a percent energy 

transmitted to the bed as shown in equation 2: 

(2) % Energy Transfer = 100 - ((Ua/CTY)' 100). 

Percent energy transfer was calculated under the assumption that the majority of the algal 

fiapent/aggregate protmded out of the boundary Iayer and into the constant flow above 

the bomdary layer, as it was in this layer that current velocity was measured. 

Furthemore, percent energy tcansfer was only used for relative cornparisons for the 

purposes of this study. 

Percent contact was cdcdated for both individual pieces and aggregates for each 

velocity step by dividing the distance that the algal pieces were in contact with the bed 

oc) by the total distance traveled (Dd as s h o w  in equation 3 : 

(3) % Contact = (DJDJ * 100. 

Distances over which the alga was in contact with the bed were accurately measured 

using the grid that was taped to one side of the Mini Flume and by watching the videos in 

slow motion. Each algal piecekggregate was observed over the course of 50 flume 

revolutions (when possible) in order to get a representative percent contact subset for 

each velocity step. 

Mode of transport was detexmined by observing how the alga contacted the bed as 

it traveled around in the flurne. These transport modes were further simplified into the 

predominant modes observed in each step (e.g. rolling/sliding, sliding/brushing, mixture 

between suspension and sliding and continuous suspension). 



b. Erosion Rates 

-2 -1 Erosion rates (mg m s ) for each experiment were derived from suspended 

sediment concentration versus U,, graphs Vig. 4-14) by calculating the rate of change in 

the suspended sediment concentrations and converthg this to an erosion rate using 

equation 4: 

(SSc,+b - ssc, ) x v 
(4) Erosion Rate = 

â î x a  

Where: SSCt+At - SSCt = the rate of change of the SSC (mg L") 

V = the flume volume (7.9 L) 

At = time span over which that the rate of change of SSC was 

determiued (s) 

a = flume bed area (3.24 x 102 m-2) (Amos et al., in press). 

Thus, an erosion rate was produced for each velociq step in the experiment. Plots of 

erosion rate versus current velociîy were then produced to show the differences between 

the different size and abundance treatments. 

The erosion threshold was estimated by the extrapolation method descnbed by 

Sutherland et al. (1 998). The SSC was regressed against log U* and the critical shear 

velocity (U*& was found by solving the regression equation for a SSC of O mg L-'. Thc 

cntical shear velocity was then tramformed to bed shear stress (r,) using equation 5 and 

6: 



(5) Ut =O.l4l U, 

Where: U* = fiiction velocity (m s-') 

U, = current velocity (m s-') (Amos et al., in press). 

(6) ~ = 1 . 9 9 ~ 1 0 " ~ ~ , ?  

Where: z, = fluid induced bed shear stress (Pa) 

p = flua density (kg m-3) 

U, = current velocity (m s-') (Amos et al., in press). 

c. Statistical Analysis 

Ail statisticd analyses were analyzed ushg MinitabTM software unless otherwise 

noted. 

Final suspended sediment concentrations (Le. SSC at t= 140 min) of the various 

trials within treatments were ranked in order of lowest to highest within each treatment 

dong with the corresponding settling rates of the algae used in the experiment. A Pearson 

correlation was performed on the ranked settling and ranked SSC data for each species to 

detennine whether the settling rates of the algae influenced the SSC within treatments. 

Ranked data fiom both species were also grouped together, to increase the number of 

observations, and then analyzed using the same technique; thus, the statistical result was 

strengthened. 

An autoregressive statistical mode1 was developed to determine whether the algal 

treatments were statisticdy different fiom the control treatments and fiom one another. 

First a Dtrbin-Watson test was performed on a regression of SSC versus time to 

determine whether the SSC measurements, witbin a trial, were independent from one 

anoîher. Ifthe independence of this mode1 was vioIated (Le. SSCttl was not independent 



fiom SSCJ, then an autoregressive mode1 was fitted to the data uskg SAS software. The 

autoregressive slope of a trial was denved by fitting a line to a subset of the data within 

the slope segment of the SSC vs. time curve and the tails (O slope) were ignored for the 

purposes of this test (see figure 2). Furthemore, slopes were derived using data points 

that covered the same tirne duration for ail of the trials within a treatment- A test statistic 

(T) ratio was also calculated using the SAS software. If this T - ratio was greater than 

2.42, then the slope of that trial was considered to be statistically different fiom a slope of 

O (control). The 0.05 alpha value (e.g. 2.42) was adjusted according to a Bonferroni 

CriticaI Values table for simultaneous compa.rïsons (Cabilio and Masaro, 1999). This test 

was performed for al1 of the trials within all of the treatments. In addition, al1 of the 

slopes of trials within treatments were statisticaily compared to one another using 

equation 7: 

(7) Test Statistic (te) = ABS Slope2 - Slopel 

2 ID ((~e2)' + (Sei) ) 

Where: ABS = Absolute Value 

Slope2 = autoregressive slope estirnate for algal trial 2 

Slopel = autoregressive slope estimate for algal trial 1 

Se2 = autoregressive standard error for algal trial 2 

Se 1 = autoregressive standard error for algal triai 1 

Ifthis test statistic (t*) was greater than 2.42ladjusted value @-value = 0.05), then 

the trials were statistically different from one another. If the test statistic was Iess than 

2.42/adjusted value, then the trials were statistically the sarne. This test was performed on 

al1 trial combinations within ireatments. 



Signincant parameters that affected the erosion rate of the bed (e.g. U,, % contact 

with the bed, size, species) were deduced by performing a multiple regression analysis 

with erosion rate as the response. A backward elimination approach was used to generate 

the regression equation. First a regression model was produced by incorporating dl 

measured parameters into the modeI. Then, predictors with the highest insignificant p- 

values (> 0.05) were removed one at a time. Individual r-squared values for each 

predictor variable were calculated by dividing the adjusted sum of squares value for that 

variable by the total sum of squares for all predictor variables. This method generates an 

individual r-squared value for a given predictor variable by treating it as the last variable 

to enter the multiple regression model. Furthemore, multicollinearity of predictor 

variables (i.e. correlations between predictor variables) was examined using variance 

inflation factors. Variance inflation factors are used to measure how much the variance of 

an estïmated regression coefficient increases if predictors are correlated. Therefore, 

predictor variables with high variance inflation factors (Le. greater than 10) were 

removed from the mode1 and the remainïng predictors were re-examined using the same 

technique to ensure that any correlations between predictors wodd not significantly alter 

the overall fit of the model. 

This above procedure was only used on the size treatment data for both species. 

The medium and high abundance treatments were not used for this analysis as the higher 

number of pieces and high suspended sediment concentrations increased the difficulty 

measuring certain predictor variables (e.g. % time as aggregates, % contact, velocity of 

various aggregates). Thus, it was not possible to incorporate this information into the 

regression model. 



Final suspended sediment concentrations, overd slopes (e-g. the slope calcdated 

using the autoregressive technique), and the erosion thresholds were analyzed using a 1- 

way -VA to determine if these parameters were significantly afFected by dgal size 

and abundance. Average erosion rates (Le. the average of dl trials within a treatment) for 

size and abundance were analyzed with a 2-way ANOVA to determine ifsize and 

abundance bad a significant effect on the erosion rates of the beds. 

Ranked final SSC within a treatment were correlated with the rank of the average 

algd velocity (CT,) within the same treatment to determine if the algal velocity had an 

impact on the erosion of the beds. Furthemore, ranks of final SSC and U, for both 

species were grouped together to increase the number of observations; thus, the statisticai 

result was strengthened. 

The ranking procedure mentioned above and the multiple regression model were 

not used to produce a numerical model to deterxnine the effect of various predictors (e.g. 

settling rate, algal velocity, percent contact, etc.) on erosion of the a.rtifïcia.1 bed. 

Moreover, these analyses were used to identZy variables that help explain variability 

within treatments (e.g. the use of rankùig and correlation analysis) as well as identiw 

variables that affect the rate of erosion of the bed (e.g. multiple regression analysis). 
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Figure 2. Typical sigmoid cuve o f  OBS data showing overall slope, tails, and the final 

suspended sedirnent concentration. 



RESULTS 

3.0 PRELIMINARY SETTLING RESULTS 

Complete preliminary results of settling experirnents performed in Venice, Itdy 

can be found in Appendur C .  These experiments were used to help determine which 

species of macroaigae would be used in the fiume erosion experiments. The results show 

that Chondrus and Gracilaria have rnuch higher settling rates (on average) than those of 

UZvcz and the seagrass Cymedosia- 

3.1 SETTLING RATES 

Both C. crispus and F- Zumbrica2i.s generdy settled with their longest axis 

perpendicular to the settling direction. This consisted of the stipe being vertically aligned 

and generally facing downward for C. crispus and horizontally aiigned for F. Zmbricalis. 

Graphs of still water settling rates versus algd mass for C. crispus and F. 

lurnbricalis (Fig. 3) display the variability in settling rate with respect to the mass ofthe 

algae. Correlation analysis performed on these data revealed that the settling rates of the 

C. crispus, collected ftom P.E.I., were not statistically correlated with their mass 

(correlation coefficient = 0.1 1 1, p-value = 0.400); whereas, settling rates of C. crispus 

collected from the lagoon of Venice were (correlation coefficient = 0.537, p-value = 

- p p p p p p p p p p p p p - - - - - - - - - - - - - - - -  

- - 

0.039). Furthemore, F. Zunzbricalis, collected fiom P.E.I., were statistically correlated 

with mass (correIation coefficient = 0.41, p-value = 0.002); whereas, Gracilaria sp. 

coilected fkom the lagoon of Venice were not (correlation coefficient = -0.136, p- 

value=O -690). 

Figure 3 shows that the Venetian crispus had simi1a.r settling rates with respect 

to mass to that of the C. crispus collected in P.E.1 (i.e. the data overlapped). However, it 



6. O 
A 

5.5 - Furcellana (P.E.I.) 

5.0 - Gracilaria (Venice) 
A C'edosia (Venice) 

4.5 - 
h 

6.0 

Figure 3. Scatter plot of macroalgal settling rates versus mass for specimens collected in 

P.E.1 and Venice. 
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appears that the settlùig rates of the F. Zurnbricalis collected from P.E.I. are greater than 

the GraciIaria sp. coilected fkom the lagoon of Venice. Correlation analysis within algal 

treatments showed that ranked settling rates of the algae were sigdïcantly correlated 

with the rank of the final SSC when grouped over al1 of the treatments and species (see 

table 2). 

1 Species/Group 1 Correlation Coenicient I P-value I 

Table 2. Correlation coefficients and respective p-values for the ranked settling rates 

- .  - - -  - 

C. crkpus + F. lurnbricalis 
(grouped together) 

versus ranked final suspended sedirnent concentrations. 

Ranked correlation analysis of settlïng rate versus final SSC (table 2) showed that 

0.43 3 

when the results for C. crispus and F. lumbricalis were combined (to increase the number 

of observations) 43 -3 % of the ranked variability (p-value = 0.008) within a treatment 

0.008 

could be explained by the ranked average settling rates of the algae used in that treatment. 

However, the average settling rate of the algae was found to be insignificant when it was 

incorporated into a multiple regression model, as a predictor variable, to detemiine its 

impact on the response (erosion rate) (Coefficient = 0.6210, p-value = 0.488). 

3.2 VISUAL OBSERVATIONS 

A summary of the results of video d y s i s  c m  be found in Appendices D to G. 

Video andysis of the control treatments revealed that, in the absence of algae, 

there was no visual evidence of erosion of the aaificial clay bed. 



b. Chondrus Size 

AIgae within al1 three size categories vent  significant amounts of time moving 

both as aggregates and individual pieces. However, at higher current velocities the algae 

spent more t h e  rnoving as individuai pieces than as aggregates. Algae in the small size 

category began to slide along the bed soon afier the motor began (step 2)  and continued 

to move throughout al1 of the velocity steps. However, algae within some of the trials of 

the larger size categories spent a significant period of time not moving along the bed 

during step 1 (i.e. the current velocity was not great enough to move the individual 

piece/aggregates). For example, algae spent a signincant period of time not moving in 

three of the trials of the medium size category (trials 2 , 3  and 5) and ail of the trials in the 

large size category. No motion, during step 1, usually resulted when two individual 

pieces came together to form an aggregate. After the onset of step 2, al1 previously static 

pieces began to move along the bed. The overall trend showed that the mode of algai 

transport varied with current velocity. Macroalgae initially began to move by 

sliding/rolling along the bed. This generally lasted for the e s t  two velocity steps and was 

then followed by a phase in which the algal pieces spent significant periods of time in 

suspension as well as sliding/brushing the bed. This "mixed phase" generally occurred 

between steps 3 and 5. The final phase in algal transport occurred when the algae totally 

entered suspension and no longer contacted the bed. 

c. Chondrus Abundance 

Aigae within all three abundance categories spent significant quantities of time 

moving as large (1 4 pieces) and small aggregates @ 3 pieces). However, algae spent 

more time moving as smaller aggregates at higher current velocities than as large 



aggregates. Algae within trial 2 and 3 of the low abundance treatment, trial 3 of the 

medium abundance treatment and d l  three trials of the high abundance treatment spent 

large quaxtities of time not moving during the first velocity step. As mentioned above, 

this period of no motion usually resulted when the individual pieces combined to form 

aggregates. During velocity step 2, al1 previously static pieces r e s d  motion either as 

aggregates or individual pieces. The mode of algal transport followed the same trend as 

mentioned above in the size categories. When the algae initially began to move, they did 

so by rolling/sliding along the bed. This phase lasted for the first two to three velocity 

steps. The rolling/sliding phase was followed by a mixed phase between suspension and 

sliding along the bed, which occurred between steps 3 and 5 (depending upon the trial). 

Finally, the mixed phase was followed by complete suspension of the algae uito the water 

coIurnn. 

d. FurceIlaria Size 

Algae within ail of the size categories spent significant arnounts of t h e  moving 

as aggregates and as individual pieces. Furthermore, pieces of F. lumbricalis folIowed a 

similar trend as  C. crispus and spent more time moving as individual pieces during higher 

current velocities than as aggregates. Lack of motion of the F. Zumbricalis pieces only 

occurred during step 1. During this first velocity step, al1 but one trial contained algae 

that spent significant penods of time (> 34 %) not moving. The only exception was trial 3 

of the large size category. Algae within this trial began moving soon after the motor 

began and only spent approximately 4 % of step 1 not moving. Algae followed a 

consistent pattern for the mode of transport. Algae first began to move by sliding and 

brushing the bed. While sliding, some pieces of algae moved in a "corkscrew" rotation as 



they slid along the bed. The sliding/brushing phase was followed by a mixture of 

suspension and sliding/brushing, which in tuni was followed by complete suspension of 

the algae in some trials. During the sliding/brushing phase algae appeared to have no 

preferential orientation, except that they moved along the bed both horizontally (Le. 

sliding) and vertically (Le. bnishing). 

e. Furcellaria Abundance 

Algae within al1 three abundance categorïes spent sigdïcant quanttities of time 

travelling as large (, 4 pieces) and small(< 3 pieces) aggregates. However, as mentioned 

in the C. crispus trials, the algae spent more time travelling as smailer aggregates at 

higher current velocities than as the larger aggregates. Algae within d l  of the trials of al1 

of the treatments spent the majority of time not moving d&g the first velocity 

increment. Motion generally ceased when the algae combined to form aggregates. Motion 

resumed for al1 of the static dgae after the onset of velocity step 2. Algae followed the 

same general mode of transport pattern as they did in the size treatments. Algae initially 

moved by sliding and brushing the bed. This phase was followed by a mixed phase of 

suspension and sliduig/brushing. Complete suspension of the dgae only occurred in trial 

1 of the low abundance category- 

33 SUSPENDED SEDIMENT CONCENTRATiONS 

Complete results of the suspended sediment concentrations for aU of the trials are 

presented in figures 4- 14. The scale range for figures 4-14, with the exception of figures 

9 and 12, were kept the same to ailow for easy relative cornparisons between treatments. 



a. Controls 

The four control experiments (Fig. 4 and Appendix H) showed little variation 

with respect to suspended sediment concentration and the water velociîy did not appear to 

reach the fluid induced erosion threshold of the artificial clay beds. Thus, the nuid 

induced erosion threshold was considered to be greater than 0.52 m s-'. Erosion 

experiments involving dgae support this observation: when the algae entered into 

continuous suspension, the suspended sediment concentration leveled off to a constant 

Ievel and the erosion rates decreased to O mg me2 s-'. This suggests that the fluid induced 

erosion threshold had not yet been reached. Ifthe fluid induced erosion threshold were 

reached before 0.52 m s-', then the suspended sediment concentration would significantly 

increase after the algae entered into continuous suspension. 

The graph displaying the four control replicates (Fig. 4 and Appendix H) showed 

that the suspended sediment concentrations never reached vaIues with a difference 

greater than 5 mg L-' (Le. that is when the final SSC are compared to the SSC at t h e  O 

(when the motor started) and before). Visual observations reveaied no erosion of the bed 

during any of the control experiments. Erosion threshold analysis on all of the data within 

trials (Appendix 1) showed that the critical erosion threshold occurred at approxirnately O 

m s-' for trials 1 through 3 and before O m s-l for trial 4. These values resulted because the 

rate of increase of the SSC was small; thus, the slope of the regression line was also smdl 

causing it to be fitted to a value near the U, - origin or before (e.g. trial 4). Furthemore, 

the SSC of filter samples oscillate across the seven velocity increments. None of the filter 

samples show a clear increasing suspended sediment concentration trend across the 

velocity steps. Oscillation of the S S C  across the velocity steps is attributed to problems 



associated with filtering water samples with very low suspended sediment concentrations 

(e-g. tears in filter duruig handiing, small amounts of filter adhering to petn dish durhg 

drying procedure, etc.) 

Variation displayed in figure 4 and Appendix H is assumed to result fiom noise of 

the OBS sensors during the course of the experiment, not due to erosion of the clay bed. 

Furthermore, this noise dong with oscillating filtered sediment masses caused problems 

with the regression calibrations (low r-squared values) (eg. average (I 1 sd) 2 of 0.328 2 

0.078 and an average @ 1 sd) p-value of 0.146 2 0.064, which may have led to SSC 

values that appear to be different fkom O mg L-' in some instances. All that should be 

noted fiom figure 4 is that the SSC values of the control trials were essentially O mg L-I 

for al1 of the velocity steps. 

b. Chondms Size 

1 -way ANOVA analysis showed that the size of C. crispus had an effect on final 

suspended sediment concentrations @-value = 0.037) and overall slopes @-value = 

0.012) of the SSC versus time graphs. Furthermore, this analysis showed that the erosion 

threshold (rCnt) was not significantly afYected by the size of C. crispus @-value = 0.071) 

(data displayed in figure 15). Results of a correlation analysis (data displayed in figure 

19) revealed that the critical erosion threshold of the bed was correlated with the velocity 

in which the crispus fionds began to move (correlation coefficient = 0.708, p-value = 

0.0 1 O). 

There were four primary modes of algal transport, which varied with current 

velocity: (1) intermittent motion in which pieces intermittently rolled and slid dong the 

bed; (2) continuous rollingkliding; (3) a mixture of suspension and sliding (when in 



contact) dong the bed and (4) continuous suspension. The dgae tended to roll more 

during the earlier velocity steps, then predominately slid during the latter part of this 

transport phase. During the first 40 minutes of a trial (O < U, 5 0.15 m s-'), movement 

was primarily by rolling a d o r  sliding. From 40 to 100 minutes (0.22 5 U, 5 0.37 m s-'), 

for the small and medium categories (Fig. 5 and 6 respectively), and between 40 and 80 

minutes (0.22 5 U, 5 0.30 m s-'), for the large size category (Fig. 7), the predominant 

movement was a mixture of suspension and sliding. After 100 minutes fkom the start of a 

trial (U,? 0.45 m s-'), for srnall and medium pieces, and after 80 minutes (LJ,,? 0.37 rn s- 

'), for the large pieces, complete suspension of the algae was the primary mode of 

transport. During the roLling/sliding phase, pieces of C. crispus slid on theK sides with no 

preferential orientation with respect to current velocity. For example, when sliding, the 

stipe could be oriented up, down, into or away fiom the current direction. During the 

suspension and sliding phase the algal pieces would slide dong the bed in both a vertical 

and horizonta1 position (Le. no preferential stipe orientation). Algae would stay in contact 

with the bed for a given number of revolutions and then enter suspension for a given 

period of t h e .  Furthemore, no standard sdtation period, height or lengtfi was evident; 

these parameters appeared to be random and varied greatly within a velocity step. 

Cornplete results of the T-ratios for the autoregressive mode1 can be found in 

Appendix J. Statistical andysis showed that suspended sedirnent concentrations in al1 of 

the trials within the three size categories were statistically greater Uian those of the 

controls @-value < 0.001). Fuahermore, replicates within treatments showed visual and 

statistical variation between the trials. The srnall size category (Fig. 5)  showed the least 

amount of variability. All three trials appeared very similar in shape, SSC and slope, but 



the staîistical analysis showed that a l l  of the trials were statistically different fiom one 

another. 

The medium size/low abundance category (Fig. 6)  appeared to display a 

significant amount of variation. The overall trend was the same sigmoid profile among 

the trials (e.g. fig 2); however, the slopes for al1 of the trials except for four pairs (trials 3 

and 4, trials 3 and 5, trials 3 and 6 and trials 4 and 6 within the medium sizeAow 

abundance treatment) were statistically different fiom one another (see Appendix J). 

Statistical analysis showed that trials 3 and 4, trials 3 and 5, trials 3 and 6 and trials 4 and 

6 had equal sIopes to one another. Final SSC values in the medium sizeAow abundance 

category ranged from approximately 40 mg L-1 (trial 1) to 150 mg L-' (trial 5). 

SSC curves for the large size category (Fig. 7) also showed a significant level of 

variation. Trial 1 and 2 were sirnilar in shape, in SSC values and in slopes. However, trial 

3 had a much greater dope fiom 40 to 100 minutes, giving it a much higher bal SSC 

(approxirnately 350 mg L-') compared to the final SSC of trials 1 and 2 (approximately 

125 mg L-'). Furthemore, trial 3 did not level off to a constant SSC value until t = 100 

minutes (U, = 0.37 m S-'); whereas, trials 1 and 2 !weled off one step earlier at t = 80 

minutes (Uy = 0.30 m 8'). The statistical analysis on this treatment showed that none of 

the triais were equal to one another. 

c. Chondrus Abundance 

1-way ANOVA analysis showed that the abundance of C. crispus had an effect on 

final SSC @-value = 0.005), and the overall slopes of the SSC versus time graphs (p- 

value = 0.003). However, this analysis showed that cntical erosion thresholds were not 



signifïcantly afEected by the number of pieces in the Mini Flume @-value = 0.15 1) (data 

displayed in figure 16). 

The s m d  and medium abundance categories appear to be sùnilar in terms of S S C  

and slopes. However, the suspension phase was reached one step earlier (step 5) in the 

medium abundance category than in the low abundance category (step 6). There were the 

same three primary modes of transport (outlïned above). During the first 40 minutes (LJy 

< 0.15 m s") the aigae generally moved by sliduig/rolling dong the bed. From 40 to 100 - 

minutes (0.22 5 U, 0.3 7 m s-'), for the low abundance treatment, and fiom 40 to 80 

(0.22 5 Uy 5 0-30 m s") minutes for the medium and high abundance treatments, the 

algae typically moved as a mixture of suspension and sliding on the bed. This mixed 

phase was followed by complete suspension of the algae, which occurred after 100 

minutes for the low abundance category and after 80 minutes for the medium and high 

abundance treatments- 

Replicates within each category visually showed variation. For the low abundance 

category description see medium size explmation above (as they were the same 

experiments). Trials 1 and 2 in the medium abundance category (Fig. 8) were sirnilar in 

SSC and in slopes. However, trial 3 had a larger slope between step 2 and step 5 yielding 

higher SSC values for this trial. Ail thee trials in this category appeared to achieve a O 

slope at the sarne time (step 5, U, = 0.37 m s-'); however, the siope in trial 3 leveled off 

much more abruptly than trial 1 and 2. SSC values within the high abundance category 

(Fig. 9) also visually displayed a degree of variation among the replicates. Trials 1 and 2 

appeared to be similar to one another in tems of SSC and slope; whereas, trial 3 had 

much smaller slopes and achieved a much lower final SSC value (at t = 140 min, SSC = 



200 m g  L") than triai 1 (SSC = 525 mg L-~) and trial 2 (SSC = 675 mg L-'). The slope of 

trial2 reached O one step later (step 6) than the slopes of triais 1 and 3 (step 5). 

Resdts of îhe autoregressive mode1 (Appendix J) showed that all trials within this 

(Le. Chondrus Abundance) category were statisticdy greater than the controis @-value < 

0.001). Even though some of the SSC profiles appear to be simiIar in terrns of SSC and 

slope, statistical cornparisons of the slopes within treatments revealed that al1 replicates, 

except trials 3 and 4, trials 3 and 5, trials 3 and 6 and trials 4 and 6 of the Iow abundance 

category, were statistically different fiom one another (see Appendix J). 

d. Furceliaria Size 

1 -way ANOVA analysis showed that the size of F. ZumbricaZis specimens did not 

have an effect on the final suspended sediment concentrations (p-value = 0.082), overall 

slope @-value = 0.058) or critical erosion thresholds @-value = 0.430) (data displayed in 

figure 17). Furthemore, the results of a correlation analysis (data displayed in figure 19) 

showed that the critical erosion threshold of the bed was not correlated with the velocity 

in which the E lumbricalis fronds began to move (correlation coefficient = 0.361, p- 

value = 0.275). 

As with C. crispus, four primary modes of transport were observed during the 

experiments: (1) intemittent motion consisting predorninately of sliding; (2) continuous 

sliding; (3) mixture of suspension and sliding/brushing the bed; and (4) continuous 

suspension. The suspension phase was primarily only achieved for the small pieces of F. 

lumbricalis and it occurred during step 7. The exceptions were trial 1 and 3 of the srnall 

size category (Fig. 10) and trial 1 of the medium size category (Fig. 1 1). Algal pieces in 

triai 1 of the small and medium size category entered into suspension during velocity step 



6. Algae in trial 3 of the mail size category did not enter fully into suspension during the 

final velocity step (eg. percent contact = 10 %). Sliding occurred during the £üst 60 

minutes (O < U, 5 0.22 rn s-') of the small size trials, followed by the mixture of 

suspension and sliding/brushuig between 60 and 120 minutes (0.30 ( U, 5 0.45 m sel); 

which in tum, was followed by the suspension phase (for the trials mentioned above) 

during the last 20 minutes of the experirnent (Uy= 0.52 m s-'1. The sliding phase lasted 

one step longer for the medium (Fig.11) and large size mg. 12) categories (O < U, 5 0.30 

m s-') and full suspension of the algae was never achieved, as the algae were still 

contacthg the bed during the final velocity step (U, = 0.52 m s-'). 

Replicates within these categories visually showed variation among trials. The 

small size category (Fig. 10) appeared to have the least amount of variability, as the 

curves had similar SSC values and slopes. The medium size category (Fig. 1 1) visually 

showed a higher degree of variation among trials. Even though the overall trend was 

similar, the curves varied in SSC and in slope (erosion rate) with final SSC ranging fiorn 

30 to 170 mg L-'. T&ls 2 and 3 of the large size category (Fig. 12) were similar in dope 

and SSC (final SSC = approximately 150 mg L-'); however, they varied greatly fiom trial 

1 (final SSC = 500 mg LI). Trial 1 had a much greater slope and higher SSC values than 

the other two trials. 

Results of the autoregressive statisticd analysis (Appendix K) showed that ail 

trials within this treatment were statistically greater than the control trials @-value < 

0.00 1). Statistical cornparisons of the slopes within treatments showed that there were 

o d y  three instances in which the slopes of trials were statistically equal to one another. 

These were trials 1 and 2 of the small size category, trials 3 and 5 of the medium size 



category and trials 2 and 3 of the large size category. The rest of the replicates within 

treatments were statisticdly different kom one another. 

e. Furcellaria Abundance 

1 -way ANOVA results showed that the abundance of F. Zumbricalis had an effect 

on final suspended sediment concentrations @-value = 0.0 18) and overall slopes of SSC 

versus time graphs @-value = 0.0 1 7). However, this andysis showed that the cntical 

erosion thresholds were not affected by the number of algal pieces in the Mini Flume (p- 

value = 0.573) (data dispIayed in figure 18). 

There were three predominant modes of transport for the algae within the 

abundance categories. The fïrst was the intermittent sliding phase, which generalIy 

occurred during the first 20 minutes. This was followed by the continuous sliding phase 

for the next 60 minutes of the experiment (0.075 < U, 5 0.30 m s-'). This phase was 

followed by the mixed phase of suspension and sliding dong the bed which persisted 

through the remainder of the velocity steps (0.37 5 U e  0.52 m se'). Complete suspension 

of the algae was only achieved during trial 1 of the low abundance treatment (Fig. 11). It 

did not occur during any of the other trials. 

The autoregressive statistical analysis (Appendix K) revealed that al1 of the trials 

within these treatments were statisticdly greater than the controls @-value < 0.00 1). 

Furthemore, cornparison of slopes within treatments revealed that trials 2 and 3 of the 

high abundance category, triais 1 and 3 of the medium abundance category and trials 3 

and 5 of the low abundance category had statistically equivalent slopes. AI1 other 

replicates had slopes that were considered to be statistically different fiom one another. 
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Figure 4. Graphs of SSC and respective current velocities for four trials within the control 

treatment. 
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Figure 5. Graphs of SSC and respective current velocities for the three trials within the 

Chondrus s m d  size treatment. 
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Figure 6 .  Graphs of SSC and respective current velocities for the six trials within the 

Chondrus medium sizeAow abundance treatment. 
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Figure 7. Graphs of SSC and respective current velocities for the three trials within the 

Chondrus large size treatment. 
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Figure 8. Graphs of SSC and respective current velocities for the three trials within the 

Chondrus medium abundance treatment. 
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Figure 9. Graphs of SSC and respective current velocities for the three trials within the 

Chondrus high abundance treatment. Note: Scale was increased to accommodate data. 
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Figure 10. Graphs of SSC and respective current velocities for the three trials within the 

Furcellaria s m d  size treatment. 
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Figure 11. Graphs of SSC and respective cment velocities for the five û-ids within the 

FurceIlaria medium sizenow abundance treatment. 
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Figure 12. Graphs of SSC and respective current velocities for the three trials within the 

Furcellaria large size treatnient. Note: Scale was increased to accommodate data. 
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Figure 13. Graphs of SSC and respective curent velocities for the four ûials within the 

Furcellmia medium abundance treatment. 
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Figure 14. Graphs of SSC and respective current velocities for the three trials within the 

Furcellaria hi& abundance treatment. 



Figure 15. Graphs of final SSC (A), overall dope (B), and critical erosion threshold (C) 

versus dgai mass for the three Chondrus size treaments. 



Figure 16. Graphs of final SSC (A), overail dope (B), and cntical erosion threshold (C) 

versus dgal abundance for the three Chondrus abundance treatments. 



Figure 17. Graphs of final SSC (A), overall slope (B), and critical erosion threshold (C) 

versus algal mass for the three Furcellaria size treatments. 



Figure 18. Graphs of fmal SSC (A), overall slope (B), and critical erosion threshold (C) 

versus algal abundance for the three Furcellaria abundance treatments. 
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Figure 19. Scatter plots of cntical erosion threshold (Taucnt) vs. the current velocity that 

initiated algal motion (Ua&) for C. crispus (A) and F. lumbricalis (B). 



3.4 ALGAL VELOCITIES AND PERCENT ENIERGY TRANSFER 

Average individual, and aggregates consisting of two and three pieces had similar 

velocities with respect to current velocity for both C. crispus and F- ZzimbricaZis (see Fig. 

20). Figure 20 shows that the velocities of individual pieces of aiga versus aggregates 

consisting of two and three pieces were less variable with respect to one another for C. 

crispus than those of F. Zumbricalis. Results showed that aggregates consisting of three 

pieces move slightiy slower than those consisting of two pieces; which in tum, moved 

slightly slower than an individual piece. 

Graphs of algal velocity (UJ, the difference between current velocity and algal 

velocity (LlrU,), and the approximate percent energy tramfer versus current velocity are 

presented in figures 2 1 -26. 

Results of the Pearson correlation performed on the sue  treatment data (table 3) 

show that correlations between the rank of the final SSC and the rank of U, within a 

treatment were not significant for C. crispus (correIation coefficient = -0.540, p-value = 

0.070) or for F. lumbricalis (correlation coefficient = -0.582, p-value = 0.061). Yet, when 

ranks for both species were combined (to increase the number of observations) 56.0 % of 

the variability @-value = 0.005) of ranked niid SSC within a treatment couid be 

explained by the ranked Ua. However, U, was found to be an insignificant predictor 

variable (p-value = 0.136) for erosion rate when it was incorporated into the multiple 

regression model. 



Figure 20. Average algd velocities for individuals and aggregates consisting of 2 and 3 

pieces of C. crispus (A) and F. Zumbricalis (B). Note: error bars display 1 sd. 
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Table 3. Correlation coefficients and respective p-values for the ranked algal velocities 

(a) versus ranked final suspended sediment concentrations. 

a- Chondnrs Size 

Results within Chondrus size treatments showed that the small size treatment 

(Fig. 21) appeared to display less vaxtability with respect to algal velocities and percent 

energy transfer than the medium (Fig. 22) and large (Fig. 23) size treatments. However, 

all three size treatments displayed a similar trend with respect to U,,: both U,-U, and the 

estimated percent energy transfer decreased with respect to current velocity until they 

reached values of O m s-' and O % respectively. Velocity differences between current and 

algal velocity and percent energy transfer reached a value of O when the algae entered 

into continuous suspension. During this phase the algae were completely suspended in 

the water col= and were travelling at the same velocity as the current; therefore, the 

algae could not transmit energy to the bed. In addition, triais 1 and 3 of the small size 

treatment and trials 1,2,4 and 6 of the medium size treatment maintained constant Uy-U, 

values during velocity steps 3 and 4 (Le. the first 2 two steps of the suspension and 

sliding phase). After velocity step 4 the algal velocities continued to approach those of 

the current velocity. Nonetheless, the estimated percent energy transfer, which is a 

relative cornparison with respect to U,, did not level off to a constant value during these 

Correlation Coefficient P-value 



trials. Percent energy transfer continued to decrease with respect to U, for all of the trials 

within size treatments. 

b. Furcellaria Size 

Results within the Furcellaria size treatments are similar to those of Chundrus. 

The Furcellaria small size treatment vig. 24) displayed the least amount of variability 

with respect to algal velocities and percent energy transfer than the medium (Fig. 25) and 

large (Fig. 26) size treatments. Furthemore, all three treatments displayed a similar trend 

with respect to current velocity: both U,-U, and the percent energy transfer decreased 

with respect to U,. However, only pieces in triai 1 of the smail size treatment entered into 

continuous suspension and ceased to contact the bed. Moreover, even though trial 1 of the 

small size treatment was the only trial that contained algae that entered continuous 

suspension, trials 2 and 3 of the small size treatment, trials 1,3 and 4 of the medium size 

treatment and hial 2 of the large size treatment contained pieces that reached the same 

velocity as U, during step 7. The remaining trials within the three size treatments traveled 

at a velocity slower than that of the current velocity; therefore, they may have transmitted 

this "lost" momenturn/energy to the bed. 



Figure 2 1. Graphs of algal velocity (A), current velocity minus algal velocity (B), and % 

energy transfer (C) for respective current velocities of the Chondrus small size treatment. 



Figure 22. Graphs of algal velocity (A), current velocity minus algai velociv (B), and % 

energy transfer (C) for respective current velocities of the Chondrus medium size 



Figure 23. Graphs of algal velocity (A), current velocity minus dgal velocity (B), and % 

energy transfer (C) for respective current velocities of the Chondrus large size treatment. 
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Figure 24. Graphs of algd velocity (A), current velocity minus algal velocity (B), and % 

energy transfer (C) for respective current velocities of the Furcellaria small size 

treatment. 
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Figure 25. Graphs of algal velocity (A), current velocity minus algal velocity (B), and % 

energy transfer (C) for respective current velocities of the Furcellaria medium size 
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Figure 26. Graphs of algal velocity (A), current veIocity minus algal velocity @), and % 

energy transfer (C) for respective current velocities of the Furcellaria large size 



3.5 EROSFON RATES 

a. Overall Anabsis 

Resdts of a multiple regression analysis performed on all of the size treatment 

erosion rate data showed that 40.3 % of the variability could be explained by the 

measured parameters, which are displayed in table 4. 

Results of the multiple regression analysis showed that: 1) Current velocity @- 

value c 0.001); 2) algal contact time with the bed (p-value < 0.001); and 3) the species of 

macroalgae used @-value = 0.0 IO), statistically aitered the erosion rates of the artificid 

bed. Furthermore, the multiple regression analysis showed that the erosion rates of the 

smdl and medium size categories for boîh species (i-e. Chondrus and Furcellaria 

combined) were statistically lower than those of the large size category @-value -C 0.001). 

However, this analysis showed that the erosion rates of the medium and small size 

categories were not statistically difTerent from one another @-value = 0.9 18). 

Furthermore, individual r-squared values revealed that the percent contact of the algae 

and the current velocity within the flume were the most siWcant predictor variables in 

the model (r-squared = 0.195 and 0.125 respectively). 

Variance inflation factors PIF) showed that the correlations between percent 

contact and current velociq, dgal velocity and mode of transport were great enough to 

significantly affect the overd1 fit of the model (i.e. VIF > 10); therefore, these variables 

were removed fiom the model as part of the backward elimination process. Al1 other 

predictors within the remaining multiple regression model were re-checked using 

variance inflation factors to ensure that any remaining correlations between predictors 

(see Table 5) wodd not significantly influence the fit of the model. 



Predictor 

UY 
1 

O h  Contact 

- 

Table 4. Predictor variables and their respective coefficients, standard deviations, p- 

values, r-squared (2) values, and variance idiation factors (VIF) which were 

incorporated into the multiple regression model. Overd  r-squared = 0.403 @-value c 

0.00 1). 

Coefficient 

28.474 

Species 

Medium vs. 
Smail Size 
Large vs. 
Small Sue 

< 0.001 
% Contact -0.885 

Standard 
Deviation 

5.121 

0.13 142 

Medium vs. 0.000 

Srnail Size > 0.999 

P-Value 

-= 0.001 0.125 

1.8619 

0.0793 

3.612 

% Contact 1 Species 1 Medium vs. 1 Large vs. 

VD? 

6.2 

0.0 1889 

0,7108 

0.7662 

0.8768 

Table 5. Correlation matrix showing correlation coefficients (top number within a given 

cell) and respective p-values (bottom number in sarne cell) for cornparisons between 

-= 0-00 1 

-0.885 

predictor variables within the multiple regression model. 

0.010 

0.918 

< 0.00 1 

0.195 

0.000 

6.7 

0.028 

4.23 x 10" 

0.068 

1.4 

1.6 

1.5 

Small Size 
0.000 

 mai Size 
0.000 



Percent time as aggregates, d g d  velocities, estimated % energy transfer, and the 

interaction between species and the three size categories were found to be statistically 

insignificant predictor variables afler completion of the backward elimination process. 

b. Controls 

Since erosion of the prepared bed was not achieved for the control trials, the 

erosion rates for aU seven steps of d l  of the trials were essentidy equal to O mg m-2 S-'. 

c. Chondrus Size 

2-way ANOVA (the two factors being analyzed were size and U,) results showed 

that algal size had an effect on the erosion rates of the beds (p-value = 0.034). 

Furthermore, v i s d  examination of the graphs showed that the average erosion rates were 

greater for the larger pieces than the smailer pieces (Figs. 27 and 29). Erosion rates varied 

with current velocity. Erosion rates increased fiom the initial current velocity step to a 

-2 -1 maximum erosion rate, then declined to a rate of O mg rn s over the course of the 

remaining velocity steps. Peak erosion rates were achieved at higher current velocities for 

the larger pieces than for the smaller pieces. Trials within the small size category reached 

their peak erosion rate at 0.15 m s" . Trials 1 and 4 in the medium size category reached 

their peak erosion rate at 0.15 m s"; whereas, trials 2,3,5 and 6 reached their peak 

erosion rate one step later at 0.22 m s-'. Trials 2 and 3 of the large size category reached 

the peak erosion rates at 0.30 m s-l and trial 1 reached its peak erosion rate one step 

earlier at 0.22 m s-' . 

d. Chondnts Abundunce 

2-way ANOVA (the two factors being analyzed were abundance and U,) results 

showed that the number of C. crispus pieces had an effect on the erosion rates of the beds 



@-value = 0.028). Average erosion rates were greater for the higher abundance categones 

than the iower abundance categories (Figs. 28 and 29)- Erosion rates varied with the 

current velocity. The graphs of the erosion rate versus current velocity show a similar 

pattern as the size category, with an increasing rate up to a maximum, foilowed by a 

-2 1 decline to an erosion rate of O mg m s- over the remaining velocity steps. The 

maximum rate of erosion was generally achieved at 0.22 m s-' for al1 three abundance 

categories. Exceptions were îriais 1 and 4 of the low abundance category and trial 1 of 

the medium abundance category: these trials achieved their maximum erosion rate one 

step earlier at a current velocity of 0.15 m s". 

e. Furcellaria Size 

2-way ANOVA results showed that the size of F. lurnbricalis had an effect on the 

erosion rates of the beds @-value = 0.001). On average, trials with &e larger pieces of F. 

lumbricalis had greater maximum erosion rates than the average trials of srnaller pieces 

(Figs. 30 and 32). The overail shape of the erosion rate versus current velocity showed a 

similar trend to bat of the C. crispus curves (i.e. increase to a maximum rate followed by 

a decline in erosion rate). However, the F. lumbricalis curves genemlly did not decline to 

-2 -1 an erosion rate of O mg m s at the h a 1  velocity step. Furthemore, trial 2 of the large 

size category had a second peak in erosion rate that occurred after the first peak. The 

second peak occurred at a current velocity of 0.37 m s-'. This peak was not as large as the 

first and the erosion rate declined steadily aflerward. The majority of trials in al1 of the 

size categones achieve their maximum erosion rate at a current velocity of 0.22 m s-'. 

Exceptions were trial 3 in the medium size category and trial 1 in the large size category: 

they achieved their maximum rates of erosion at a current velocity of 0.30 m s-l. 



£ Furce [Zaria Abundance 

2-way ANOVA resdts showed that the number of pieces had an effect on the 

erosion rates of the beds (p-value = 0.001). The average erosion rates for the medium and 

aigh abundance categories were similar in numerical value dong with the shape of the 

erosion rate versus current velocity cunre. However, both of these categories had greater 

erosion rates than the low abundance category. Shapes of these abundance curves (Figs. 

3 1 and 32) were similm to those of the C. crispus curves; however, there was a less 

distinctive peak in erosion rate for the F. ZumbricaZis species. In many instances the 

erosion rates did not decline as quickly after the maximum values, as they did in the C. 

crispus p p h s .  In several instances the maximum erosion rate occurred over a range of 

current velocities, instead of having one clear maximum rate/peak. The shape of the 

c w e  in the low abundance category followed the typical profile in the majority of the 

trials (trials 1,2, 4 and 5). The typical profile showed an increase in erosion rate with 

changing current velocity to a maximum erosion rate, which occurred at 0.22 rn s-' 

followed by a decline in erosion rate. Trial 3 in the low abundance category reached its 

maximum rate of erosion at 0.30 m s" , which lasted into the next current step (Uy = 0.37 

m s-') before declinhg in value. This trend was also evident in trial 1 and trial 2 

(maximum rates of erosion at U, = 0.22 to 0.30 m s-') of the medium abundance category 

and trial 1 and trial 2 (maximum rates of erosion at U, = 0.22 to 0.30 m s-l) of the high 

abundance category. Trial 3 of the medium abundance category and trial 3 of the high 

abundance category displayed the more typical trend of increasing to a maximum rate of 

erosion aad then declining. Maximum rates of erosion were reached at current velocities 

of 0.22 m s-l and 0.30 m s-' respectively. Trial 4 of the medium abundance category 



achieved two peaks in erosion rate: the first one occurred at a current velocity of 0.22 m 

s"; that was followed by a subsequent decline in erosion rate, which in turn was followed 

by a less significant second peak at a current velocity of 0.37 m sa'. 
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Figure 27. Erosion rates for the smail (A), medium (B), and large (C) Chondm 

size treatrnents and settling rates @) of the algae used ut these treatrnents. 
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Figure 28. Erosion rates for the low (A), medium @), and hi& (C) Chondrus 

abundance treatments and settling rates @) of the algae used in these treatments. 
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Figure 29. Average erosion rates (2 1 sd) of the trials within the Chondrus size (A) 

and abundance categories (B). 
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Figure 30. Erosion rates for the small (A), medium (B), and large (C) Furcellaria 

size treatments and settling rates @) of the algae used in these treatments. 
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Figure 3 1. Erosion rates for the low (A), medium (B), and high (C)  Furcellaria 

abundance treatments and settling rates (D) of the algae used in these treatments. 
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Figure 32. Average erosion rates (& 1 sd) of the trials withùi the Furcellaria size (A) 

and abundance TB) catenories. 



DISCUSSION 

4.0 SETTLING RATES 

Particdate settling rates are a fünction of the density of the fluid, and the size, 

shape and the density of the settling particle. Furthemore, the rate at which a particle 

settles is inauenced by the upward forces of the fluid (i.e. the buoyancy of the fluid and 

the viscous resistance (drag)) and the downward force of gravity (Alldredge & Gotschalk, 

1988, Boggs, 1995). Alldredge & Gotschalk (1988) mention that measuring drag 

coefficients for non-spherical particles is complex and is a h c t i o n  of shape and 

Reynolds number. Carrington (1990) showed that drag coefficients of macroalgae 

decrease with respect to current velocity and that rnacroaigae with vastly different 

morphologies (i.e. the pattern of branching and shape of thaili) had similar drag 

coefficients at hi& current velocities. Furthemore, Carrington (1990) concluded that 

drag coefficients (at high current velocities) could be approximated by m e a s u ~ g  the area 

of a thallus and the water velocity to which it is exposed. Wet weight, length, branching 

morphology, papillar density (Le. liale round projections on thalli), and reconfiguration 

of the thalli at high water velocities were found to be of little predictive use by theK 

study. 

As mentioned above, denning the characteristics that govem the settling rates and 

drag coefficients of non-sphencal particles (e.g. macroalgal fionds), is compiex and was 

not explored in this study. However, a mdùnentary explanation of the settling rates and 

behavior of C. crispus and F. lumbricalis is outlined below. 

Settling rates of Gracilaria sp., collected fiom the lagoon of Venice appeared to 

be slower than those of F. lurnbricalis collected fkom P.E.I. Correlation analysis revealed 



that the settling rates of F. ZurnbricaZis were correlated with îhe m a s  of the settling alga 

(correIation coefncient = 0.41, p-value = 0.002); whereas, those of Gracilariu sp., were 

not (correlation coefficient = -0.136, p-value = 0.690). Furîhennore, settling rates of C. 

crispus, coIlected in P.E.1, overlapped those of C. crispus that were collected fiom the 

lagoon of Venice. An overall analysis of settling rate versus mass for C. crispus 

specimens collected fiom both areas showed that settling rates were not correlated with 

mass (correlation coefficient = 0.205, p-value = 0.082). Moreover, it was found that 

settling rates of C. crispus collected fiom P.E.I. were not correlated with dgal mass 

(correlation coefficient = 0.1 1 1, p-value = 0.400); whereas, specimens collected fkom the 

lagoon of Venice were (correlation coefficient = 0.537, p-value = 0.039). Specimens 

collected fkom the lagoon of Venice covered a broader mass range than those collected 

fiom P.E.I. (see figure 3). Further analysis revealed that if the data £tom the smaliest 

mass range (e.g. approximately 0.12 g) of the Venetian C. crispus were ignored, then the 

settling rates were no longer correlated with mass (correlation coefficient = 0.384, p- 

value = 0.2 18). This suggests that settling rates of C. crispus may increase with respect to 

mass to a point and then no longer increase in the same manner because of a surface area 

to mass relationship as outlined below. 

Although both C. crispus and F. ZumbricaZis generally settled in a sirnilar rnanner 

(Le. both species settled with their longest axis perpendicular to the settling direction), the 

morphological differences between the two species had a significant impact on their 

settling rates. F. lumbricalis had a more elongate and Iess bushy morphology than C. 

crispus. h addition, the branches and stipes of F. Zumbricalis were more cylindrical than 

those of C. crispus, which had much flatter morphologies. Dudgeon and Johnson (1992) 



showed that rnacroalga morphologies that expose Iess surface area per unit biomass to 

flowing water had reduced hydrodynamic drag forces. If this theory is applied to settling 

velocities, then algae with Iess surface area per unit mass would experience less drag and 

therefore would settle at a faster rate than algae with a greater surface area per unit mas, 

Thetefore, the sleeker morphology of F. Zumbricalis may have enabled it to have settling 

rates that were more correlated with mass, as there was less surface area (drag) with 

respect to mass to slow the settling aiga On the contrary, settling rates of C. crispus were 

not significantly correlated with the mass of the dga. This lack of correlation resulted 

fiom the excess drag produced by the broad "bushy" thallus, which sIowed C. crispus ' 

settling rates more than the mass increased them. For example, pieces of C. crispus 

generally settled with their stipe facing downward, foilowed by the branches, which were 

spread out above the stipe. Spreading of the branches greatly increased the surface area of 

the alga and slowed the settling rate (i.e. the spread out branches behaved Iike a parachute 

for the settling dga). Furthermore, as the mass of the alga increased, so did the surface 

area and number of the trailing branches, which in turn, counteracted the increased mass 

of the larger pieces. 

As mentioned earlier, the scatter plot of mass versus seMing velocity (Fig. 3)  

showed that F. lumbricalis specimens collected fiom the shores of P.E.1 had faster 

settling velocities than Gracilaria sp. specimens collected fkom the lagoon of Venice. 

The difference in settling velocities and the differences in branching patterns between F. 

lumbricuIis and Gracilaria sp. would suggest that the erosion experiments involving F. 

lumbricalis wodd not directly represent the impact of Gracilaria sp. specimens fiom the 

Iagoon of Venice. However, it is believed that both Gracilaria sp. and F. lumbricalis 



would follow the same general mode of tramport pattern with respect to current velocity 

(e.g. intermittent motion, continuous slidinglbrushing, mixture between sliding/bnishing 

and suspension, and continuous suspension). Furthemore, the choice of F. ZumbricaZis 

was still of use as it demonstrated the impact of a species of different morphology than 

that of C. crispus. 

4.1 FLUME EROSION EXPERIMENTS 

Overall, laboratory flumes are great assets for measuring physical processes in 

benthic environments. They allow one to make detailed observations and measurements 

while controlling the speed in which water flows through the system and the turbulent 

stress exerted by the fluid on the substrate (Muschenheim et al., 1986). Moreover, 

Muschenheim et al. (1986) stated that large scale detritus transport and small scale food 

availability are best addressed with the use of a laboratory h e ,  as these experiments 

are more replicable and well characterized than they would be if carried out in the field. 

The fluid induced erosion threshold did not appear to be attained during the 

control experiments. Appendix 1 shows that the majority of estimates of the fluid induced 

erosion threshold was near O Pa. However, this is not an accurate estimate of the erosion 

threshold. On the contrary, it is an artifact of having a small increase in SSC with respect 

to U,; therefore, the determination of the erosion threshold by the extrapolation method 

was not valid for the control trials. Moreover, it was concluded that this threshold would 

occur at a current velocity greater than 0.52 rn s-' as the SSC increase was negligible up 

to this point. This lack of erosion during the control experiments did not allow for direct 

cornparisons with erosion thresholds of the aigal experiments. However, it c m  be 

concluded that the addition of dgae to the f l u e  caused the beds to erode at lower current 



velocities than they would have fiom the fluid shear stress alone (see Appendix I). 

Furthermore, results of the erosion experiments showed that both species of macrodgae 

significantly increased the suspended sediment concentrations (SSC) and the erosion 

rates of the clay beds over those of the control experiments (Appendices J and K). 

Despite the large degree of variation within treatments, 2-way ANOVA results showed 

that both size and abundance of C. crispus (p-values = 0.034 and 0.028 respectively) and 

F. ZumbricaZis (p-values = 0.00 1 and 0.00 1 respectively) influenced the erosion rates of 

the artificial beds. However, 1 -way ANOVA results showed that erosion thresholds did 

not appear to be significantly affected by size or abundance for C. crispus (p-values = 

0.07 1 and 0.15 1) and F. Zumbricalr's @-values = 0.43 0 and 0.573 respectively). 

a VariabiZity within treahnents 

The high degree of suspended sediment variation within the rnajority of 

treatments can be attributed to a variety of factors. Correlation analysis revealed that the 

ranks of the average algal settling rates used in each trial were correlated with the ranks 

of the final suspended sediment concentrations within respective treatments (correlation 

coefficient = 0.433, p-value = 0.008). Thus, a significant amount of the ranked SSC 

variabihty within treatments was explaineci by the average settling rate of the algae used 

in the trial (i-e. the faster the average dgal settling rate, the greater the final SSC). 

Furthermore, the same type of analysis revealed that ranked final SSC were correlated 

with the ranked algal velocities within treatments (correlation coefficient = - 0.560, p- 

value = 0.005). Thus, trials containhg slower moving algae with respect to U, had higher 

final SSC than those with faster moving pieces. In theory, the slower moving pieces 

would be transmitting more energy to the bed; therefore, their impact on the erosion rate 



of the sediment would be greater than those that transmit less energy (Amos et al., in 

press). 

Other factors that could explain the SSC variation within treatments include 

variability in the shear strength of the artificial clay bed, the morphology and flexibility 

of the dgae used in the experiments, per cent contact of the dgae with the bed, and 

interactions between algae (e.g. % t k e  as aggregates). Even though care was taken to 

ensure that the clay bed was prepared in a consistent manner before each expebent, 

there was no record of the cohesive strength of the bed before the experiment began. 

Control experiments showed that al1 of the prepared beds had fluid induced erosion 

thresholds greater than 0.52 m 5'. However, since fluid induced erosion thresholds of the 

beds were never reached, it was not determined whether all of the beds had uniform shear 

strengths. There are some triais that appear to show evidence for variability of the bed's 

shear strength. In these treatments (e.g. Chondrus hi& abundance (Fig. 9)' Furcellaria 

large size (Fig. 12), Furcellaria medium abundance (Fig. 13)) the SSC of the trials with 

the greater final SSC appear to always have greater SSC fkom the beginning and 

throughout the duration of the experiment. For example, the curve for trial 2 of the 

Chondrus hi& abundance treatment (Fig. 9) begins to increase earlier than trial 1 and 

trial 3 and continues to maintain a greater SSC throughout al1 of the velocity steps. The 

bed used for trial 2 may have had a lower shear strength than the other two beds within 

this treatment, causing it to fail more easily than the beds in trial 1 and trial 3. However, 

analysis of ranked erosion thresholds and final SSC within a treatment did not support 

this hypothesis. On the contrary, the highest SSC ranks within a treatment were 

correlated with the highest ranked critical erosion thresholds (correlation coefficient = 



0.643, 0.004). This suggests that beds that failed at higher shear stresses yielded higher 

suspended sediment concentrations. This trend was also evident for C. crispus when 

examined across treatments. Correlations between shear strength and final SSC over al1 

treatments showed that they were positively correlated for C. crispus (correlation 

coefficient = 0.562, p-value = 0.004) and not significantly correlated for F. ZumbricaZis 

(correlation coefficient = 0.072, p-value = 0.744). For C. crispus, shear stress is 

correlated with final SSC because of variability in the onset of algal motion. Larger 

pieces did not move as much during the first velocity step (U, = 0.075 m S-l) as the 

smaller pieces (see Appendix D). Therefore, the larger pieces had less impact on the 

erosion of the bed during the first velocity step; thus, the beds failed at higher shear 

stresses for larger pieces. Moreover, the larger pieces had more of an effect on the 

erosion rates of the beds after the onset of their motion; therefore, they caused higher 

final SSC. This trend was not as significant for F. ZumbricaZis ' treatments because al1 

three size treatments spent significant quantities of time not moving during the k s t  

velocity step. Algae in the smdler size treatments moved slightly more during the fkst 

velocity step; however, this slight increase in movement may not have been enough to 

significantly change the erosion thresholds fiom the other treatments. 

Algal morphology and rigidity may have also caused variation in the SSC and 

erosion rates within treatrnents. There were a few instances in which dgal stipes and 

thalli were observed digging into the bed and causing a plume of sediment to be 

dispersed around the stipe/thdlus (e.g. trial 1 and 2 of the Furcellaria large size treatment 

(Fig. 12), trial 2 of the Furcellaria medium abundance treatment (Fig. 13) and trial 1 of 

the Chondrus small size treatment (Fig. 5)). Macroaigae are flexible and change shape 



with respect to current velocity (Carrington, 1990). Carrington (1990) hypothesized that 

species of rnacroaigae that are less flexible rnay have bigher drag coefficients as they are 

less Likely to bend under stress than those with more flexibility. Therefore, variations in 

the structural rigidity and morphology of the dgae rnay have innuenced how energy was 

transferred to the bed (Le. less flexible branches would be more iikely to disturb the bed 

fhan flexible branches) and therefore influenced the erosion rates of the beds. 

Due to having only three replicates within a treatment in most instances, it was 

not statisticdy feasible to test whether some factors (e-g. % contact tirne, % time as 

aggregates and mode of transport) signincantly influenced the SSC variabiliw within a 

treatment. However, ove& it is most iikely that a combination of all the mentioned 

factors had some role in infiuencing the variability of suspended sediment concentrations 

within treatments. 

b. Effects of AZgal Size 

-VA results showed that suspended sediment concentrations (with the 

exception of the F. lurnbricalis size treahnent) and erosion rates were effected by algal 

size for both C. crispus and F. Zumbricalis. However, statistically it was diEcult to 

determine accurately whether the erosion rates, suspended sediment concentrations, 

overall slopes and critical erosion thresholds of the small, medium and large size 

categones were dif5erent fkom one another, as the p-values were close to the alpha 0.05 

signifïcance level in some instances @-values displayed in Appendix L and M). This may 

have been due to the hi& degree of variability within the various treatments and due to 

the s m d  number of replications (e-g. three in most instances) within a treatment. 



A multiple regression model (table 4) for the combined C. crispus and F. 

lumbricalis size data was developed to determine the impact of various predictor 

variables on the erosion rates for both species. Results of the mode1 showed that 40.3 % 

of the erosion rate variability could be explained by the various predictor variables 

outiined in table 4. Percent contact time and curent velocity explained the majority of the 

variation in erosion rate within the multiple regression model (see table 4); however, the 

size and species of alga were also revealed to have a significant impact on the erosion 

rates of the beds. Furthexmore, a backward elimination procedure revealed that: (1) 

percent time as aggregates; (2) the interaction between species and medium vs. small 

size; and (3) the interaction between species and medium vs. large size did not 

significantly alter the erosion rates of the treatments. The data for the two species were 

grouped together to increase the number of observations and thus make the model more 

statistically significant. As a result, the model helped identif;, significant predictor 

variables that influenced erosion rates for both species of macroalgae- 

(i) Chondrus Size 

Mode of transport of the algae followed a consistent trend for al1 of the size 

treatments. C. crispus initidly began to move by sliding/rolling dong the bed, followed 

by a mked phase of suspension and sliding, which in tum was followed by complete 

suspension of the algae into the water column. Boggs (1995) outlined a similar trend 

when descnbing sediment loads and transport paths of siliciclastic sediment particles in 

aquatic environments. Boggs (1 995) referred to the rolling/sliding phase as traction, the 

mixed phase as intermittent srispension and complete suspension of a particle as 

continuous suspension. Boggs (1 995) explained that the incorporation of a particle into 



the flow results when the upward components of fluid motion (resulting f?om the 

increased turbulence associated with the increased cwent velocity) increase to the point 

where they balance the downward settling rate. Furthermore, intermittent suspension 

results when the lift forces arising fiom turbulence are erratic and do not continuously 

maintain this balance of upward lifl with downward settIing (mentioned above). This 

appears to be the same general trend for the algae used in these experiments. Moreover, 

the constantly changing form of the macroalgae would add to the turbulent effect outhed 

above and would increase the chances of intermittent suspension over that of saltaîion. 

Intermittent suspension is dBerent fiom saltation because the suspended particles tend to 

be carried higher above the bed and in the flow for longer periods of tune than they 

would be for a saltating particle (Boggs, 1995). 

Maximum erosion rates of C. crispus were achieved during the sliding/rolling 

phase for the small pieces and during the mixed phase of suspension and sliding for the 

medium and large pieces (Fig. 27 and 29). During the mixed phase pieces of C. crispus 

impacted the bed in a similar, yet more subtle, manner as outhed by Amos et al. 

(1998a). For example, pieces of C. crispus graduaily settled out of suspension and slid 

dong the bed for a period of tïme before being reincorporated into the flow as an 

intermittent suspended particle. However, no standard saltation height or length as 

explained by Amos et al. (1998% in press) was observed while watching the experiments 

and videos. As mentioned earlier, this lack of consistent saltation height and length is 

most likely amibuted to the turbulent flow within the flume and to the changing shape of 

the algae with respect to turbulence. Therefore, the algal motion was much more chaotic 

than that of a particle of constant shape (e.g. clast, iittorinid shell, etc.). 



Suspended sediment concentrations ceased to increase and erosion rates declined 

to O mg ni2 S-' when the algae entered fully into suspension (Figs. 5-7,27 and 29). 

Erosion ceased because algae no longer made contact with the bed to erode the sediment 

and the fluid induced erosion threshold had not yet been reached. The general trend for 

the mode of transport did not Vary greatly with algal size; however, the Iarge pieces of C. 

crispus entered into suspension one step earlier than the medium and small pieces. Large 

pieces most likely entered into suspension earlier (despite their increased mass) than the 

smail and medium pieces because the Iarger pieces had a greater surface area per unit of 

mas  exposed to the flow. Increased surface area with respect to mass would provide 

more resistance to flow (i-e. more drag); thus, larger particles would be more likely to 

become entrained into the flow (Dudgeon and Johnson, 1992). 

(ii) Furcellaria Ske 

Mode of tran~poa followed a similar trend as the C. cripus. Algae initially began 

to move by sliding/bnishing the bed, foilowed by a mixed phase of brushing and 

suspension, which in turn was followed by complete suspension of the algae in a few 

trials. Complete suspension was only observed in trial 1 and trial 2 of the small size 

treatment (Fig. 10) and trial 1 of the medium size treatment (Fig. 1 1). As mentioned 

earlier, complete suspension of the algae was achieved when upward forces increased to a 

point where they balanced the downward force of gravity (Boggs, 1995). After complete 

-2 1 suspension, the SSC no longer increased and the erosion rate declined to O mg m s- 

(Figs. 10, 11,30 and 32). Throughout the rnajority of the trials, the algae did not become 

fully suspended into the flow; therefore, the SSC did not level off to a constant value 

because the dgae were still contacting and eroding the bed. During higher curent 



velocities F. Zumbricafis assumed a more vertical orientation than that of C. crispus- 

While being transported in this vertical orientation, algae generally contacted the bed by 

brushing with the stipe and/or tips of the branches. Maximum rates of erosion for F. 

ZmbricaZÏs were achieved during the sliding/bnishing phase for al1 three size categories. 

As mentioned earlier, the medium and large sizes of C- crispus achieved their maximum 

erosion rate during the mùred phase of sliding and suspension. F. Zumbricalis did not 

appear to impact the bed as abruptly as C. crispus during the mixed phase. After the 

pieces of F. lumbricalis came out of suspension, they resumed brushing the bed in a 

vertical orientation with the stipe onented up or down. 

c. Eflects of AlgaZ Abundance 

ANOVA analysis showed that dgal abundance had an effect on the erosion rates, 

final suspended sediment concentrations and the overd dopes for both species of 

macroalgae. Erosion rates increased with respect to the number of pieces in the flume 

due to an increased number of algae contacthg and eroding the bed per unit of time. 

Statistically it was not feasible to accurately determine whether the erosion rates 

of the low, medium and high abundance treatments were different fkom one another @- 

values are displayed in Appendix L). This shortcoming was attributed to the high S S C  

variabi Iity withïn treatments and to the low number of replications. 

The size of aggregates (i.e. the number of individual pieces that compose the 

aggregate) varied with current velocity in a similar manner as it did in the size treatments. 

It was also observed that Iarger aggregates generally traveled at slower velocities than 

smaller aggregates and individual pieces. The relationship between aggregate size and 

mode of transport was complex. There are numerous occasions throughout the course of 



the experiments where aggregates were observed to remain in contact with the bed longer 

than smder  aggregates and/or individual pieces. However, it was also observed that the 

medium and high abundance treatrnent of crispus reached the suspension phase one 

step earlier than that of the srnaIl abundance category. This "premature" entry into 

suspension observed by the high abundance treatments can be explained by an increased 

surface area with respect to mass relationship associated with the increased number of 

pieces in the flume. The greater the number of pieces of algae in the flume, the more 

likely they are to interact with one another and form aggregates. Larger aggregates (e-g. 4 

to 6 pieces) may have a larger surface area with respect to mass than the smaller 

aggregates (e.g. 2 pieces), enabling them to be incorporated into the flow more easily as 

they have a greater resistance to flow (Dudgeon and Johnson, 1992). Furthemore, 

packing of aggregates was also observed to influence their mode of transport- Loosely 

packed aggregates (Le. individuals that were not tightly joined together) were generally 

incorporated into the intermittent suspension phase more easily than tightly packed 

aggregates, which generally remained in contact with the bed longer. Longer contact 

times for more tightly packed aggregates, may be explained by the surface area to mass 

relation explained earlier: more tightiy packed aggregates would offer less surface area 

with respect to mass, decreasing their chances of being entrained into the flow. 

(i) Chondrus Abundance 

Mode of transport varied with current velocity and the algae foIIowed the same 

general trend as the size treatment data. Algae initially began to move by sliding dong 

the bed; this was followed by a mixed phase of suspension and sliding, which in turn was 

followed by continuous suspension of the algae. Maximum rates of erosion were 



generdy achieved durhg the mked phase of suspension and sliding along the bed (LJy = 

0.22 m s') for all of the abundance treatments. Although, the dgae were travelling in an 

intermittent suspension phase, they still made contact with the bed fkequently. 

Furthermore, the impacts of the algae may have enabled them to transmit momentum to 

the bed via the ballistic impacts as outlined by Amos et al. (1998a). As mentioned earlier, 

C. crispus did not appear to abruptly impact the bed after leaving ccsuspension". However, 

a significant quantity of momentum codd have been transmitted to the bed via this 

transition. 

(ii) Furcellaria Abundance 

The mode of transport did not appear to change with respect to alga abundance. 

However, as mentioned earlier, the greater surface area with respect to algal mass 

relationship allowed aigae within the high abundance category to become incorporated 

into the flow one step earlier than the algae in the lower abundance categones. 

The greatest erosion rates occurred during the sliding phase for the low and 

medium abundance treatments and during both the sliding phase and the mixed phase for 

the high abundance treatment. The high abundance treatment appeared to be slightly 

more misleading because the maximum erosion rates occurred during the sliding phase 

and the intermittent suspension phase. However, M e r  analysis revealed that during 

velocity step 4 the algae were only in suspension for Iess than 20 % of the time 

(Appendix G). Therefore, the algae were still predominately sliding along the bed in the 

same rnanner as the previous step. Furthermore, the increased number of pieces hhibited 

the individual pieces fiom brushing the bed with their stipes and the tips of the fronds, as 

observed in the low and medium abundance categories. Instead F. ZumbricaIis generally 



slid dong the bed as aggregates d&g the intermittent suspension phase of the hi& 

abundance treatment, which may have enabled them to transfer more energy to the bed 

than if they were '7ightly" brushing the bed as observed in the lower abundance 

treatments. 

Many researchers have mentioned that the intense eutrophication of the lagoon of 

Venice has caused an increase in biomass of many macroalga species. Furthemore, 

Flindt et al- (1 997b) determined that different species of macroalgae (e-g. Chaetornorpha 

aerea, Zostera sp. and Ulva sp.) are transported at different water depths within the 

lagoon and that some macroalgae species move as bedload- 

This study supports the statement by Amos et al. (1998a) that suggests that 

mobile detritus ixicreases the erosion rates of cohesive sediments over that of the fluid 

induced erosion. More specifically, this study showed that mobile fragments of 

macroalgae have the potential to sigiificantly increase the erosion rates of cohesive 

s e h e n t s  when algal fkonds are in contact with an erodable bed (i.e. via sliding or 

intermittent suspension). Furthermore, it was revealed that curent velocity, percent 

contact tirne, size, species, abundance, and mode of transport af5ected the erosion rates of 

the beds. 

The implications of macroalgal drift on the erosion of cohesive sediments in a 

natural environment, such as the lagoon of Venice, is more complex than in a laboratory 

setting. This study reveded that the erosion rates of cohesive sedifnents were 

significantly increased by two different species of macroalgae (e-g. Chondrus crispus and 

Furcellaria lumbricalis) contacting the bed. Thus, it is believed that the large quantities 

of macroalgae moving as bedload in the lagoon of Venice wodd add to the impact of the 



fluid stress, causing the beds to erode at lower curent velocities and at greater rates than 

if they were solely acted upon by the fluid. However, quantification of macroalgal 

impacts would be much more difficult to assess in the lagoon of Venice due to spatial 

variability of the sediments and the difficulty of characterizing rnacroalgal fragments in 

the field. It appears that the impact of macroalgae on the erosion process in a n a t d  

environment would be governed by a variety of factors. Erosion of sediment induced by 

algae wodd Vary with respect to the species of algae (e.g. a study performed by Sfkiso 

and Marcornini (1997) showed that sediment resuspension at the sediment water interface 

was inhibited by coverage of UZva fronds), the mode that the algae are transported in the 

water column, interactions with other species, and the size and abundance of the driftbg 

fkgments. Therefore, it would be difficdt to quantifi/ the impact of macroalgae drift on 

the erosion of sediments based solely on measured parameters, such as the species, size, 

abundance and diversity . 



CONCLUSIONS 

(1) Macroalgae (or any organic/iuorganic detritus) moving as bedload has the potential to 

significantly increase the erosion rates of cohesive sediments. 

(2) Erosion rates increased with increasing size and abundance for both Furcellaria 

lumbricalis and Chondrus crispus- 

(3) Erosion rates varied with current velocity, percent contact, species, alga. size, 

abundance, and the mode of transport of the algd fronds. 

(4) The changing form of the macroalgae (Le. the variability of shape with respect to 

current velocity and turbulence due to the flexibility of the thalli) along with the 

turbulent flow of the flume increased the probability of intermittent suspension as 

opposed to saltation. 

(5) The Mini Flume and artincial clay bed proved to be usefbl in determinhg whether 

macroalgae increased the erosion of a cohesive bed over that of nuid induced erosion. 

However, it did not prove to be as effective when trying to quanm the impacts of 

size and abundance on the erosion process (experirnental design was also at fault for 

this as well). Perhaps a larger flume would be more appropnate as it would allow one 

to track individual pieces of alga and more accurately measure their impacts. 

(6) Influence of drifting macroalgae on the erosion of cohesive sediments in a natural 

environment is complex and depends upon a variety of factors. Species of alga, mode 

of transport, interactions with other species and sediment, and the size and abundance 

of the drifting hgments would ail influence the impact that drifting fionds have on 

cohesive sediments. 
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APPENDXX A 
OVEWUL OBS2 CALIBRATION FOR EROSION EXPERIMENTS 

SSC = 37.0 + 0.9740BS2 
2 r = 0.964 

p-value < 0.00 1 
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APPENDIX B 
OVERALL OBS2 CALIBRATION FOR CONTROL EXE'EEUMENTS 

SSC = 47.0 + 1.138 0BS2 
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Medium Size - Note: the other 3 trials can be found under the Low Abundance I-ieading 
UY Con tact Mode of Transport 
(m s-') (W 

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 
A I A I A I A I A I A I  

0.08 100 100 100 100 100 100 1 1 Int. Int, Int. Int, 
0.15 100 100 100 100 100 100 1 1 1 i 1  1 
0.22 71 100 64.9 100 91 2 1 2 1 1  
0.30 NIA 13 39 76 60 NIA 2 2 2 2  
0.37 O O 11 NIA 18 3  3  2 NIA 2  
0.45 0 0 0 0 0 0 3 3 3 3 3 3  
0.52 0 0 0 0 0 0 3 3 3 3 3 3  

UY No Movement 
(m S.') (% Timc) 

Tl T2 T3 
0.08 O 62 93 
0.15 0 0 0  
0.22 O O O 
0.30 O O O 
0.37 O 0 0  
0.45 O 0 0  
0.52 O O O 

Individual 
(% Time) 

Tl T2 T3 
20 16 G 
54 41 67 
98 64 91 
100 87 83 
NIA 96 100 
NIA NIA N/A 
NIA NIA NIA 

Aggrega te 
(% Time) 

Tl  T2 T3 
80 21 2 
46 59 33 
2 36 9 
O 13 18 

NIA 4 O 
d a  NIA NIA 

NIA NIA NIA 



Large Size 
UY Contact Mode of Transport 
(m S.') ('w 

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 
A I A I A I A I A  

0.08 100 100 100 100 100 100 Int, Int, Int. 
0.15 100 100 100 100 100 100 I 1 1 
0.22 92 82 100 82 100 98 2 2 1 
0.30 92 47 86 30 100 83 3 2 2 
0.37 O O O O N l A 3 9  3 3 3 
0.45 0 0 0 0 0 0 3 3 3  
0.52 0 0 0 0 0 0 3 3 3  

No Movement 
(% Time) 

T l  T2 T3 
69 82 85 
O 0 0  
0 0 0  
O 0 0  
O 0 0  
O O O 
O 0 0  

Individual 
(% Time) 

Tl  T2 T3 
17 9 6 
39 1 38 
73 50 12 
88 60 86 

N/A NIA 92 
N/A NIA NIA 
NIA NIA N/A 

Aggregate 
(% Time) 

Tl  T2 T3 
14 9 9 
61 99 62 
27 50 88 
12 40 14 

NIA N/A 8 
NIA N/A NIA 
NIA NIA NIA 

I A I  
Int. Int. Int, 
1 1 1 
2 1 1 
2 1 1 
3 2 2  
3 3 3 

Note: 
Mode of transport 
Int. = Intermittent Motion 
1 = Continuous Rolling/Sliding/Brushing 
2 = Mixture of Sliding/Brushing & Suspension 
3 = Suspension 

NIA - Not Applicable 
A = Aggregate 
1 = Individual piece of alga 



Low Abundance 
UY 
(m s-') 

Trial 1 
A I  

0.08 100 NIA 
0.15 100 100 
0.22 88 72 
0.30 72 34 
0.37 5 
0.45 O O 
0.52 O O 

Contact 
("/.) 

Trial 2 
A I  
100 100 
100 100 
100 91 
NIA 72 
NIA 5 

O O 
O O 

APPENDIX E 
CHONDRUS ABUNDANCE VIDE0 RESULTS 

Trial 3 
A I  
100 100 
100 100 
100 92 
64 32 
O O 
O O 
O O 

No Movcmcnt 
(% Time) 

Tl  T2 T3 
O 32 2 
O 0 0  
O 0 0  
O 0 0  
O O O 
O 0 0  
O 0 0  

Individual 
(% Tirne) 

Tl T2 T3 
O 6 6  

55 67 47 
83 79 80 
88 100 79 
99 100 NIA 

NIA N/A NIA 
NIA NIA NIA 

Mode of Transport 

Trial 1 Trial 2 
A z 

Int. Int. 
1 1 
1 2  

NIA 2 
NIA 2 

3 3 
3 3 

Aggregate 
(% Time) 

Tl T2 T3 
100 62 92 
45 33 50 
17 21 21 
12 O 21 
1 O NIA 

NIA N/A N/A 
NIA NIA NIA 

Trial 3 
A 1 
1 1 
1 1 
1 2  
2 2 



Medium Abundance 

Trial 1 
2 p c  3 p c  
100 100 

1 O0 
78 

NIA 
O O 
O O 
O O 

Trial 1 
I p c  2pc 3pc 

1 1 1 
2 1 1 
2 2 
2 NIA 
3 3 3 
3 3 3  

4 p c  I p c  
100 100 
100 100 
NIA 74 
NIA 41 

O O 
O O 
O O 

Contact 
(W 

Trial 2 
2 p c  3 p c  
100 N/A 
100 100 
95 100 

NIA 
O O 
O O 
O O 

4 p c  l p c  
100 100 
100 100 
100 100 
NIA 44 

O O 
O O 
O O 

Mode of Transport 

Trial 2 
4pc l p c  2pc 3pc 4 p c  

1 1 NIA NIA 1 
1 1 1 1 1 

NIA 2 2 1 1 
NIA 2 2 NIA NIA 

3 3 3 3 3  
3 3 3 3 3  

1 PC 
Int. 

1 
1 
2 
3 
3 

Trial 3 
2 p c  3 p c  
100 100 
100 100 
100 100 
95 100 
O O 
O O 
O O 

4 p c  
1 O0 
1 O0 
1 O0 
NIA 

O 
O 
O 

Trial. 3 
2 p c  3pc  4pc  
NIA Int. Int. 

1 1 1 
1 1 1 
1 1 NIA 
3 3 3  
3 3 3  



UY No Movement 
(m s") (% time) 

Tl T2 T3 
0.08 O O 50 
0.15 O O O 
0.22 O 0 0  
0.30 O O O 
0.37 O O O 
0.45 O O O 
0.52 O 0 0  

Individual 
(% time) 

Tl T2 T3 
2 5 5  
25 21 10 
67 39 11 
97 92 57 

NIA NIA NIA 
N/A NIA NIA 
N/A NIA N/A 

1 Clump of 2 pc 2 Clumps of 2 pc 
(% t h e )  (Y0 time) 

Tl T2 T3 Tl T2 T3 
1 0 1 4 3 0 0  
34 35 31 9 11 13 
30 25 57 1 7 4 
3 8 3 3 0 0 3  

NIA NIA NIA NIA NIA NIA 
NIA NIA N/A NIA N/A N/A 
N/A NIA NIA NIA NIA NIA 

1 Clump of 3 pc 
(% time) 

Tl T2 T3 
9 O I I  
19 27 30 
2 22 21 
O 0 6  

NIA NIA NIA 
NIA NIA N/A 
N/A NIA NIA 

1 Ciump of 4 pc 
(% time) 

Tl  T2 T3 
75 94 30 
14 G 16 
O 8 7  
O 0 0  

N/A N/A NIA 
N/A NIA NIA 
N/A N/A NIA 



High Abundancc 

Trial 1 Trial 2 Trial 3 
A I A I A I  

0.08 100 100 100 100 100 100 
0.15 100 100 100 100 100 100 
0.22 100 80- 100 80- 100 80- 

90 90 90 
0.30 
0.37 
0.45 
0.52 

Mode of Transport 

Trial 1 
A I  

NM 
1 1 
1 2  

2 3 
3 3 
3 3 
3 3 

Trial 2 
A I  

NM 
1 1 

UY No Movement Aggregate < 3 Aggregate > 4 
(m i l )  (% Timc) (% Time) (% Time) Note: 

T l  T2 T3 Tl 
0.08 100 100 100 O 
0.15 O O O 57.8 
0.22 O O O 83.3 
0.30 O O O 76.7 
0.37 O O O NIA 
0.45 O O O N/A 
0.52 O O O NIA 

T2 
O 

26.8 
3 1.4 
NIA 
NIA 
NIA 
NIA 

Trial 3 
A I  

NM 
1 1 
1 2  

2 2 
3 3 
3 3 
3 3 

T3 Tl T2 T3 Mode of transport 
O 100 O O NM = No Movement 

66.8 42.3 73.2 33.3 Int. = Intermittent Motion 
83.3 16.8 68.6 16.7 1 = Continuous Rolling/Sliding/Brushing 
- 100 23.3 NIA -O 2 = Mixture of SlidingIBrushing & Suspension 

N/A NIA 3 = Suspension 
NIA N/A 
NIA NIA NIA - Not Applicable 

A = Aggregate 
1 = Individual piece of alga 



Small Sue 
UY 
(m S.') 

Trial 1 
A  z 

0.08 NIA 100 
0.15 IO0 100 
0.22 100 83 
0.30 34 
0.37 NIA 16 
0.45 O O 
0.52 O O 

Contact 
(%) 

Trial 2 
A z 

100 100 
100 NIA 
100 84 
66 55 
54 19 
42 18 
O O 

APPENDIX F 
FURCELLARIA SIZE VIDE0 RESULTS 

Trial 3 
A 1  

NIA 100 
100 100 
100 86 
84 81 
58 42 
NIA 29 
NIA I O  

No Movement 
(% Time) 

Tl  2 T3 
89 49 34 
O 0 0  
O 0 0  
O O O 
O 0 0  
0 0 0  
O O O 

Individual 
(% Time) 

Tl T2 T3 
6 42 66 
12 O 24 
56 48 64 
86 85 65 
100 93 91 
NIA 83 95 
NIA NIA 

Mode of Transport 

Trial 1 Trial 2 Trial 3 
A A I A I  

NIA tnt. Int. Int. NIA Int. 
1 I N I A I  1 
1 1 1 1 1 1  

1 2 2 2  
N I A  2 2 2 2 

3 3 2 2  2 
3 3 3 3  2 

Aggrega te 
(% Time) 

Tl T2 T3 
O 10 O 
88 100 76 
44 52 36 
14 15 35 
O 7 9  

NIA 9 5 
NIA NIA 





Large Size 
UY 
(m S.') 

Trial 1 
A I 

0.08 100 100 
0.15 100 100 
0.22 100 100 
0.30 IO0 IO0 
0.37 72 62 
0.45 74 54 
0.52 30 32 

Contact 
(%) 

Trial 2 
A I 

100 'Io0 
100 NIA 
100 100 
100 100 
100 74 
40 25 
NIA 17 

Trial 3 
A I 

1 O0 
IO0 100 
100 100 
100 89 
38 30 

15 
NIA O 

No Movement 
(% Time) 

Tl T2 T3 
100 100 4 

O O O 
O 0 0  
O 0 0  
O O O 
O O O 
O 0 0  

Individual 
(% Time) 

Tl  T2 T3 
O O IO0 
4 0 5  
8 34 6 
39 59 34 
44 7 67 
58 93 95 
77 100 IO0 

Mode of Transport 

Trial 1 
A I 

NM 
1 
1 
1 1  
2 2 
2 2 
2 2 

Trial 2 
A I 

MM 
1 NIA 
1 1  
1 1  
1 2  
2 2 

NIA 2 

Aggre p t e 
(% Time) 

Tl  T2 T3 
100 100 O 
96 100 95 
92 66 94 
61 41 66 
56 93 33 
42 8 5 
23 O O 

Tria1 3 
A I 

1 
1 1  
I I  
1 1  
2 2 
2 2 

NIA 

Note: 
Mode of transport 
NM = No Movement 
Int. = Intermittent Motion 
1 = Continuous Rolling/Sliding/Brushing 
2 = Mixture of Sliding/Brushing & Suspension 
3 = Suspension 

NIA - Not Applicable 
A = Aggregate 
1 = Individual piece of alga 



APPENDIX G 
FURCELLARIA ABUNDANCE VIDE0 RESULTS 

Low Abundance 
UY Contact Mode of Transport 
(m s-') (Y4 

Trial 1 Trial 2 Trial 1 
A I  A I A I  

0.08 100 100 100 100 NM 
0.15 100 100 100 100 1 1 
0.22 200 100 100 NIA 1 1 
0.30 IO0 81 100 65 1 2 
0.37 100 59 73 52 1 2 
0.45 44 32 70 32 2 2 
0.52 NIA 13 19 N/A 2 

Trial 2 
A z 
Int. Int. 

1 1 
1 NIA 
2 1 
2 2 
2 2 

2 

No Movement Individual Aggregate 
(% Time) (% Time) (% Time) 

Tl T2 T1 T2 Tl  T2 





High Abundance 
UY Contact Mode of Transport 
(m s-') (%) 

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3 
A I A I A I A I  A 1 A 1 

0.08 100 100 100 100 100 100 NM NM NM 
0.15 100 100 100 NIA 100 100 1 1 1 1 
0.22 100 100 100 a 0 0  100 100 1 1 1 1 1 
0.30 100 <10080-100-80 100 <IO0 1 I 1 2 2 

UY No Movement 
(m â') (% Time) 

Aggregate < 3 pieces Aggregate > 4 pieces 
(% Time) (% Time) 

T3 Tl T2 T3 Note: 
O 100 100 1 00 Mode of transport 
5 85 100 95 NM =No Movement 
13 95 79 87 Int. = Intermittent Motion 
43 83 54 57 1 = Continuous Rolling/Sliding/Brushing 

35 28 2 = Mixture of SlidingIBrushing & Suspension 
7 3 = Suspension 

NIA - Not Applicable 
A = Aggregate 
I = lndividual piece of alga 



APPENDIX H 
EXE'ANDED SCALE OF 4 CONTROL TRIALS AND RESPECTIVE SSC FROM 

FILTER SAMPLES 

( - - -  Trial 4 1 
n Y 14 - 
s 

Ë 12 - .- 
m n  
O -  
' I O -  z = 
P E  8 -  
8. 
V) 
=t 6 - cn 
U 

4 - 

Time (min) 

8 15.00 
E r 

, 

5 -0 i ~ r i d  1 
I 

a, - 70.00 
v, y YJ 
u C= 

a, " 5.00 i Trial 
1 Trial3 

u o  E l 

C C -  I Trial 4 

g 6  0.00 != - - - - ? =  



APPENDIX 1 
CRITICAL EROSION THRESHOLDS 

Controls 
T'RIAL 

1 
2 
3 
4 

Chondrus S m d  Size 

Chondrus Large Size 

U V  a i t  

7.4 x IO-&' 
6.2 x IO" 
0.045 

Before motor was 
started 

Chondms Medium Size/Low Abundance 

k i t  

0.34 
O. 12 
0.27 

Chondrus Medium Abundance 

u* mit 

1.0 x 10-~' 
8.8 x 10'' 
6.4 x IO--' 

NIA 

U* ~ ~ i t  

0.0 18 
0.01 1 
0.016 

TRIAL 
1 
2 
3 

G - i t  

0.25 
0.35 

TRlAL 
1 
2 

Y 

Chondrus Hi& Abundance 

Tm-t 

0.0 
7.8 x 10" 
0.042 
N/A 

cnt 

0.13 
0.077 
0.12 

U y  ait 
0.1 1 
O. 13 

3 
4 
5 
6 

TRIAL 
1 

U* ,t 
0.0 16 
0.0 19 

UV cnt 
0.14 

u* ,t 
0.020 

0.15 
0.1 1 
0.14 
O. 12 

k i t  

0.39 

0.02 1 
0.016 
0.020 
0.017 

0.45 
0.26 
0.39 
0.30 



Furcellaria Small Size 

Furcellaria Medium SizeLow Abundance 

- -- 

Furcellaria Large Size 

Tm-t 

O -49 
TRLAL 

1 

Furcellaria Medium Abundance 

UV mit 

0.16 

Furcellaria Hi& Abundance 

u* a i t  

0.022 

TRIAL 
1 

UY =nt 

O. 14 
u* ,t 
0.020 

- 

~ ~ - t  

0.41 

TRIAL 
1 

UYcnt 
0.15 

u* 0"t 

0.020 

7 

%nt 
0.43 



APPPENDIX J 
CHONDRUS T-RATIOS AND T* VALUES 

High Densitv Bonferroni Critical Value = a~~roximatelv 2.42 

Triai 1 
Trial 2 
Trial 3 

Bonferroni Critical Value = approx. 2.42 

Medium Density 

Slope 
7.89804 
9.79367 
3.18089 

Trial 1 
Trial 2 
Trial 3 

Trial 1 
Trial 2 

t* 

Trial 3 

Standard Error 
0.49838 
OS8099 
0.28447 

Trial 1 Trial 2 
O 

2.47645 
8.220 15 

T-Ratio 
15.85 
16.86 
11.18 

Trial 3 
2.47645 

O 
10.22234 

Bonferroni Critical Value = approx. 2.42 

8.220 15 
10.22234 

O 

Slope 
0.8661 7 
1.15785 
3.10370 

Bonferroni Critical Value = approx. 2.42 

Standard Error 
0.05095 
0.03 153 
0.24123 

t* 
Trial 1 
Trial 2 
Trial 3 

T-Ratio 
17.00 
3 6.72 
12.87 

Trial 1 
O 

4.86807 
9.07529 

Trial 2 
4,86807 

O 
7.99834 

Trial 3 
9.07529 
7.99834 

O 



Low Density/Mediurn Size Boaferroni Critical Value = approx. 2-98 

1 
- - ---- 

I 

Trial 1 
Trial 2 
Trial 3 
Trial 4 
Trial 5 1 1.97446 

Boaferroni Critical Value = approx. 2.98 

Slope 
0.603 88 
0.9 1469 
1.57363 
1.22165 

Standard Error 
0.05512 
0.02586 
0.13739 
0.069 19 

Trial 2 
Trial 3 
Trial 4 
Trial 5 
Trial 6 

T-Ratio 
10.96 
35.37 
1 1.45 
17.66 

0.06861 

Small Size Bonferroni Critical Value = a?prox. 2-42 

28.78 

Trial 2 
5.10489 

Trial 3 
6.55084 

t* 
Trial 1 

5,10489 
6.55084 
6.98348 
15.57322 
9.598 13 

Bonferroni Critical Value = approx. 2.42 

Trial 1 
O 

Trial 1 
Trial 2 
Trial 3 

t * 
Trial 1 
Trial 2 
Trial 3 

Large Size Bonferroni Critical Value = approx. 2.42 

Trial 4 
6.98348 

O 
4.71336 
4.15571 
14.45370 
7.22350 

Slope 
0.35906 
0.58477 
0.5 1828 

Standard Error 
0.004441 7 
0.063 09 
0.0 1882 

Bonferroni Critical Value = approx. 2.42 

T-Ratio 
80.84 
9.27 
27.54 , 

Trial 1 
O 

3 -56875 
8.23394 

Trial 1 
Trial 2 
Trial 3 

Trial 5 
15.57322 

4.71336 
O 

2.28813 
2.61010 
1-17031 

Slope 
1.82478 
2.17488 
4.37949 

Standard Error 
0.079 15 
0.07470 
0.67164 

t * 
Tria1 1 
Trial 2 
Trial 3 

Trial 6 
9.598 13 

Trial 2 
3 -56875 

O 
4.80208 

T-Ratio 
23.05 
29.12 
6.52 

Trial 1 
O 

3.21683 
3.77755 

Trial 2 
3.21683 

O 
3.2623 Z 

4.15571 
2.288 13 

O 
7.72587 
1.89700 

Trial 3 
8.23394 
4.80208 

O 

Trial 3 1 

3 -77755 
3 -2623 1 

O 

14.45370 
2.61010 
7.72587 

O 
6.25738 

7.22350 
1.17031 
1.89700 
6.2573 8 

O 



APPENDIX K 
F U R C E L W  T-RATIOS AND T* VALUES 

1 Trial 2 1 2 -94269 1 0.06477 1 4543 1 

High Density Bonferroni Critical Value = approximately 2.42 

Trial 1 

Trial 3 

SIope 
2.61432 

3.26788 1 0.21271 

Bonferroni Critical Value = approx. 2-42 

15.36 1 

t * 
Trial 1 
Trial 2 
Trial 3 

Medium Density Bonferroni Critical Value = approx. 2.67 

Standard Error 
0.06289 

Trial 1 
Trial 2 
Trial 3 
Trial 4 

Bonferroni Critical Value = approx. 2.67 

T-Ratio 
41.57 

Trial 1 
O 

3.6373 
2.9465 

t* 
Trial 1 
Trial 2 
Trial 3 
Trial 4 

Slope 
3.703 11 
1.32285 
3.71 135 
1.68762 

Trial 2 
3.6373 

O 
1.4625 

Trial 1 
O 

9.41 92 
0.02845 
8.03 05 

Trial 3 
2.9465 
1.4625 

O 

Standard Error 
0.24415 
0.065 19 
O. 15579 
0.058 15 

T-Ra tio 
15.17 
20.29 
23 -82 
29.02 

Trial 2 
9.4192 

O 
14.1432 
4.1756 

Trial 3 
0.02845 
14.1432 

O 
12.1610 

Tria1 4 
8.0305 
4.1756 
12.1610 

O 



Low Density/Medium Size Bonferroni Critical Value = approx. 2.84 

SmalI Size Bonferroni Critical Value = amrox. 2.42 

Bonferroni Criticai Value = approx. 2.84 

Trial 1 
Trial 2 
Trial 3 
Trial 4 
Trial 5 

t* 
Trial 1 
Trial 2 
Trial 3 
Trial 4 
Trial 5 

Standard Error 
0,02450 
0,06522 
O. 17783 
0.04658 
0.071 78 

Slope 
0.46789 
0.70100 
1.53995 
0-99271 
1 -44573 

Trial 1 

. --- 

Bonferroni Critical Value = amrox. 2.42 

T-Ratio 
19.10 
10.75 
8.66 

21.3 1 
20.14 

Trial 1 
O 

3 -3459 
5.9722 
9.971 8 
12.8924 

Trial 2 
Trial 3 

SIope 
0.24071 

I I 

Trial 3 18.4681 17.2666 O f 

Trial 2 
3 -3459 

O 
4,4292 
3.6397 
7.6788 

0.264 17 
0.5 1 028 

t* 
Trial 1 
Trial 2 

Standard Error 
0.0083245 

1 Trial 3 1 1.55 179 1 0.23607 1 6.57 1 

Trial 3 
5.9722 
4.4292 

O 
2.9769 
0.49 13 

- 

T-Ratio 
28.92 

0.0077073 
0.01 199 

Trial 1 
O 

2.0679 

Large Size Bonferroni Critical Value = approx. 2.42 

Bonferroni Critical Value = approx. 2.42 
1 t * Trial 1 Trial 2 1 Trial 3 7 

34.28 
42.56 

Trial 1 
Trial 2 

1 Trial 1 1 O 1 13,6581 1 10.0051 1 

Trial 4 
9.97 18 
3.63 97 
2.9769 

O 
5.2942 

Trial 2 
2.0679 

O 

Trial 5 
12.8924 
7.6788 
0.49 13 
5.2942 

O 

Tria1 3 
18.468 1 
17.2666 

Slope 
4.94159 
1 .55650 

Trial 2 
Trial 3 

Standard Error 
0.21550 
O. 12242 

T-Ratio 
22.93 
12.71 

13.658 1 
0.01771 

- 

O 
0.0 177 1 

- 

0.01771 
O 



APPENDIX L 
2-WAY ANOVA COMPARISON RESULTS FOR THE AVERAGE EROSION RATES 

OF THE CNONDRUS AND FURCELLARIA TREATMENTS 

Y 

Small vs. large 1 0.073 

Chondrus Size 
Cornparison 

AI1 sizes 
Small vs. medium 
Medium vs. large 

P-value 
0.034 
0.063 
0.089 

Chondrus Abundance 
Cornparison 

Ali abundances 
Low vs. medium abundance 
Medium vs. high abundance 

Low vs. high abundance 

FurcelIaria Size 

P-value 
0.028 
0.213 
0 .O69 
0.069 

Cornparison 
All sizes 

Small vs. medium 
Medium vs. large 

SrnaIl vs. large 

Furcellaria Abundance 

P-value 
0.00 1 
0.004 
0,013 
0.008 

Cornparison 
All abundances 

Low vs. medium abundance 
Medium vs. high abundance 

Low vs. hi& abundance 

P-value 
0.00 1 
0.009 
0.151 
0.009 



APPENDIX M 
1-WAY ANOVA COMPARISON RESULTS FOR FINIAL SSC,  OVERALL SLOPE 

AND TAUcm FOR THE CWONDRUS AND F U R C E L W  TREATMENTS 

Chondrus Size 

Final SSC 
Final SSC 
Final SSC 
Final SSC 

Overall Slope 
Overd Slope 
Overd Slope 
0veral.l Slope 

Tab-t 
Taurrit 
T a u t  
Takit 

Chondrus Abundance 

Final SSC 
Final SSC 
Final SSC 
Final SSC 

Overall Slope 
Overall Slope 
Overall Slope 
Overall Slope 

Ta%t 
Taknt 
Ta&-t 
Ta&nt 

Cornparison 
AU sizes 

Small vs. medium size 
Medium vs. large size 

Small vs. large size 
All sizes 

Smdl vs. medium size 
Medium vs, large size 

Small vs. Iarge size 
AU sizes 

Sm& vs. medium size 
Medium vs. large size 

S m d  vs. large size 

P-value 
0.03 7 
0.086 
0.072 
0.085 
0.022 
0.030 
0.039 
0.045 
0.071 
O. 197 
0.1 14 
0.071 

Cornparison 
AI1 abundances 

Low vs. medium abundance 
Medium vs. high abundance 

Low vs. hi& abundance 
Al1 abundances 

Low vs. medium abundance 
Medium vs, hi& abundance 

Low vs. hi& abundance 
MI abundances 

Low vs. medium abundance 
Medium vs. high abundance 

Low vs. bigh abundance 

P-value 
0.005 
0.508 
0.073 
0.005 
0.003 
0.457 
0.066 
0.004 
0.151 
0.446 
0.077 
0.135 



FurcelZm*a S ize 

Final SSC 
Final SSC 
Final SSC 
Final SSC 

Overall Slope 
Overall Slope 
Overall Slope 
Overall Slope 

Tahit 
Takit 
T a u t  

Cornparison 
All sizes 

Small vs. medium size 
Medium vs. large size 

Small vs. large size 
Al1 sizes 

Smail vs. medium size 
Medium vs. large size 

Small vs. large size 

Ta%t 

P-value 
0.082 
0.074 
0.137 
0.127 
0,058 
0.05 1 
O. 106 
0.107 

AI1 sizes 
Small vs. medium size 
Medium vs. large size 

Furcellaria Abundance 

- 

0.43 O 
0.627 
0.3 89 

Small vs. large size 

Final SSC 
Final SSC 
Final SSC 

0.173 

Cornparison 
All abundances 

Low vs. medium abundance 
Medium vs. high abundance 

P-value 
0.0 18 
0.035 
0.734 

Final SSC 
Overall Slope 
Overail Slope 
Overall Slope 
Overall Slope 

TWnt 
Takit 

Tahnt 

Ail abundances 
Low vs. medium abundance 
Medium vs. high abundance 

Low vs. high abundance 
Ail abundances 

Low vs. medium abundance 
Medium vs. hi& abundance 

Low vs. hi& abundance 

0.017 
0.036 
0.683 
0.00 1 
0.573 
0.709 
0.208 
0.520 




