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Abstract 
The intent of this research was to investigate the effects of fluid flow 

characteristics and epiphyte colonization on submerged aquatic vegetation (SAV) 

photosynthesis and dissolved material uptake.  SAV, with its stems and leaves completely 

submerged in the water column, is strongly affected by both the physical characteristics 

of the water, such as dissolved material concentrations and fluid motion, and by factors 

that alter its interaction with the water, such as epiphyte colonization of SAV surfaces.  

The nature of these interactions was investigated through a series of four separate studies.  

First, through a laboratory mesocosm experiment, epiphyte uptake and SAV uptake of a 

dissolved contaminant (nickel) were shown to occur at different rates and due to different 

mechanisms.  Second, a model of photosynthetic rates, based on mass transfer theory, 

was developed requiring only three parameters that accounted for the effect of water 

motion on photosynthetic rates. This model was experimentally validated with dissolved 

oxygen and velocity profiles over blades of giant kelp, Macrocystis pyrifera.  Third, 

using two separate microscale velocity imaging methods, photosynthesis was shown to 

alter fluid motion near the surface of a Cladophora spp. filament by more than doubling 

velocity gradients and thus surface shear stress.  In this investigation, bacterial epiphytes 

had no effect on shear stresses but assemblages consisting primarily of diatom epiphytes 

strongly decreased the surface shear stress from what would have been experienced 

during photosynthesis without epiphytes present; indicating a harmful interaction with 
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epiphytes.  Fourth, in agreement with the microscale results in the third study, epiphyte 

removal was shown to increase local dissolved oxygen concentrations throughout the 

water column as well as decrease water column soluble reactive phosphorus 

concentrations due to higher photosynthetic rates in field research in a constructed 

wetland.  In a related laboratory study, epiphyte detachment rates were functionally 

related to water velocity.  Overall, I have shown through laboratory and field experiments 

that SAV photosynthesis is closely linked to fluid flow characteristics, SAV and epiphyte 

uptake are not equally affected by flow conditions, and epiphyte colonization decreases 

SAV photosynthetic rates.   
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Chapter 1 Introduction 

1.1 Research significance 

Submerged aquatic vegetation (SAV), consisting of aquatic plants and attached 

macroalgae, is present in surface waters worldwide.  SAV influences its surrounding 

environment through altering water motion, uptake and release of dissolved materials, 

shading incoming irradiation from reaching the benthos, and as habitat for other 

organisms.  In shallow lakes, aquatic macrophytes are attributed with maintaining water 

quality through nutrient drawdown, and sediment stabilization (Madsen et al. 2001).  In 

oceanic coastal waters, SAV largely consists of macroalgae such as kelp, and alters 

coastal hydrodynamics and transport (Rosman et al. 2007) as well as serving as the 

foundation for coastal marine habitats (Graham et al. 2007).  SAV also includes less 

desirable forms such as the attached filamentous alga Cladophora glomerata, common in 

eutrophic systems and credited with harboring elevated concentrations of pathogenic 

bacteria (Whitman et al. 2003, Vanden Heuvel et al. 2010).   

Through photosynthesis and other uptake processes, such as absorption, 

adsorption and passive diffusion, aquatic plants and algae modify the chemical 

characteristics of surface waters.  In low nutrient or low light conditions, photosynthetic 

rates may be constrained by resource availability and photosynthesis is said to be mass 

transfer or light limited.  For example, in the ocean in the summer when demand for C 

and N is high, the water near algal surfaces can become depleted and growth may be 

limited by the rate of nutrient replenishment in water near the plant surface (Hepburn & 
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Hurd 2005).  In contrast, in highly eutrophic environments, such as a wetland, where 

dissolved organic material and suspended sediment concentrations are high, light 

extinction can be rapid (Pokorny et al. 1984, Chimney et al. 2006) and growth may be 

light limited (Higgins et al. 2008, Asaeda et al. 2004).   

Mass transfer of dissolved materials to SAV surfaces is controlled by fluid motion 

and material concentration within the fluid (e.g. Kays et al 2005).  In turn, SAV canopies 

modify fluid motion and thus the delivery of the dissolved materials to SAV surfaces 

(Nepf & Ghisalberti 2008).  SAV canopies decrease mean velocities within the canopy 

and create a shear layer near the top of the canopy by resisting movement in the flow 

direction and breaking apart larger eddies (Ghisalberti & Nepf 2002).  The shear layer 

enhances vertical mixing through the generation of coherent, canopy scale eddies that, in 

sparse canopies, can penetrate to the substrate surface (Raupach et al. 1996, Ghisalberti & 

Nepf 2002, Nepf & Ghisalberti 2008).  Macroscale changes in fluid flow characteristics 

have been shown to alter the exposure of SAV to dissolved substances and thus alter 

photosynthetic rates and uptake (Wheeler 1980, Hurd et al. 1996, Enriquez & Rodriguez-

Roman 2006).  At high velocities, physical damage or stress responses may occur.  At 

low velocities or in stagnant fluid diffusive flux rates to and from the plant surface can be 

slower than the physiological capacity of SAV and limit physiological processes (Hurd 

2000).  For example, in dense canopies, such as algal mats, or canopies submerged within 

the benthic boundary layer, uptake is driven by diffusion processes near the cell surfaces.  

Although discussed conceptually by (Larned et al. 2004), the effect of fluid motion on 
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uptake at low velocities has not been studied at the microscale at which these processes 

occur.   

SAV surfaces provide important habitat for microbial organisms, referred to 

collectively as epiphytes, such as algae, diatoms, bacteria, fungus, and animals that form 

the base of the aquatic food web.  Epiphytes contribute to dissolved material cycling 

through effects on SAV metabolism and uptake and through their own uptake (e.g. Koch 

1994, Lakatos et al. 1999). Understanding the potential impact of epiphytes on overall 

dissolved contaminant removal in various flow conditions would allow phytoremediation 

practitioners to manage for favorable levels of epiphyte colonization of SAV.  Although 

small, the potential impact of microscopic organisms on dissolved material 

concentrations is great due to their rapid cycling and abundance (Pelton et al. 1998).  

Epiphyte abundance is greatly magnified by SAV; which has been referred to as a 

‘surface multiplier’, due to the enhanced colonizable surface area they provide. For 

example, the filamentous algae Cladophora is estimated to increase underwater surface 

area by 2000-20,000 times what would be available from only the benthos (Power et al. 

2009).   

There is no consensus in the literature regarding the effect of epiphytes on the 

host plant:  studies support harmful, beneficial and neutral effects.  Epiphytes, generally 

considered more palatable to grazers, may benefit the host plant by deflecting grazing 

pressure (Hutchinson 1975).  Epiphytes are reported to harm the SAV host by competing 

for nutrients and light (Sand-Jensen 1977, Sand-Jensen et al. 1985, Roberts et al. 2003) 

(Fig. 1.1).  Other studies report a mutualistic nutrient cycle in which nutrient leaching 
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2. Examine the effect of fluid flow characteristics on dissolved materials uptake by 

SAV and epiphytes. 

3. Determine the effect of epiphytes on SAV dissolved material uptake. 

The above objectives were investigated in four separate studies on 3 different 

SAV species; a freshwater submerged macrophyte, Elodea canadensis, a marine 

macroalga, Macrocystis pyrifera, and a filamentous alga, Cladophora glomerata.  

Laboratory and field experiments were used to quantify all objectives.   

The effect of SAV on fluid flow characteristics (Objective 1) was investigated at 

the microscale, at which nutrient exchange occurs, near the surface of Cladophora 

glomerata, using µPIV techniques (Chapter 4).  The effect of fluid flow characteristics on 

dissolved material uptake (Objective 2) was studied for uptake of dissolved nickel by E. 

canadensis and its associated epiphytes (Chapter 2) and for modeling photosynthetic 

rates of M. pyrifera (Chapter 3).  Photosynthesis can be thought of as an uptake and 

release process, where dissolved carbon and nutrients are taken up from the water column 

and oxygen is released back into the water column.  The effect of epiphytes on dissolved 

material uptake was quantified in three studies on three different processes; heavy metal 

uptake in a re-circulating flume (Chapter 2), phosphorus drawdown in a constructed 

wetland (Chapter 5), and microscale photosynthetic rates (Chapter 4).  

 

1.3 Overview of dissertation 

Chapter 2 addresses the second and third objectives, listed above, in a laboratory 

experiment using live plants and epiphytes grown in a re-circulating flume.  Dissolved 
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nickel uptake by the SAV-epiphyte complex was measured under a range of flow 

conditions.  A flux model was developed and applied to the measured tissue nickel 

concentration data and generated three parameters descriptive of nickel uptake; uptake 

rate, equilibrium concentration, and time to equilibrium. The relationship of these 

parameters to flow conditions, represented by the dimensionless variable Reynolds 

number, was compared between epiphytes and plants.  Water flow was shown to have a 

stronger effect on the uptake performance of epiphytes than that of plants, implying that 

water-side mass transfer plays a more important role in epiphytic nickel uptake than it 

does in plant nickel uptake.  Although nickel concentrations were much higher in the 

epiphyte community than in Elodea canadensis, more total nickel was sequestered in E. 

canadensis.  This research indicates that fluid flow conditions alter nickel uptake by E. 

canadensis and the epiphytic community and that the two have different preferential flow 

regimes.   

Chapter 3 also investigates the effect of fluid flow on dissolved material uptake 

(Objective 2) through the development of a mass transfer model to determine rates of 

photosynthetic oxygen flux from the giant kelp, Macrocystis pyrifera in a moving fluid.  

The model can be used to calculate local dissolved oxygen flux, blade averaged oxygen 

flux and daily average net primary productivity for a kelp forest.  Predicted rates of 

photosynthetic oxygen flux agree well with previously reported direct measurements.  

This model was derived from the fundamental principles of conservation of mass and 

momentum over a flat plate using an integral method approach and is applicable in 

laminar, transitional and turbulent flows.  It predicts oxygen flux as an explicit function 
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of fluid flow conditions above the kelp blade.  Experimental velocity profiles and 

dissolved oxygen concentration profiles, measured under a range of fluid flow conditions, 

followed power-law scaling and demonstrated local similarity between oxygen and 

velocity distribution within the boundary layers above the kelp blade.  The proposed 

model provides a useful tool for estimating rates of photosynthesis with minimal data 

collection. 

Chapter 4 explores the effect of SAV on fluid flow characteristics (Objective 1) at 

the microscale at which dissolved material uptake through SAV surfaces is occurring.  

The impact of epiphyte assemblages at this scale is also quantified (Objective 3).  

Chapter 4 describes a laboratory experiment investigating the effect of micro-scale 

surface characteristics, altered by the presence and type of epiphytes, on surface shear 

stress, or local skin drag, and thus indirectly, nutrient availability.  Surface shear stresses 

on filamentous algae were found to be higher during photosynthesis than when the alga 

was not actively photosynthesizing and that the presence of attached diatom assemblages 

reduces this affect.  An enhanced local shear stress creates a positive feedback loop 

where, by increasing local shear rates, nutrient concentration boundary layers also 

become thinner, increasing the rate of metabolic exchange, and thus increasing 

photosynthetic flux.  This could be an important mechanism to overcome diffusion 

limited nutrient supply within a dense algal mat thereby self-promoting Cladophora 

survival. 

In chapter 5, the effect of epiphytes on water column concentrations of soluble 

reactive phosphorus (SRP) and dissolved oxygen (DO) inside a SAV canopy (Objective 
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3) within an urban constructed wetland was investigated.  Further, epiphyte detachment 

was investigated under controlled laboratory conditions.  The results showed that water 

column DO increased after epiphyte removal for all depths and on all sample dates.  SRP 

concentrations also decreased after epiphyte removal.  Above a minimum velocity 

threshold, epiphyte detachment rates were linearly related to discharge velocity.  The 

findings could be used to better design and operate constructed wetlands through active 

management of the SAV epiphyte load. 

 

1.4 Overall conclusions 

Although each of these studies was conducted in systems that varied in many 

important ways, some general conclusions can be drawn.   

All SAV access metabolically required substances such as nitrogen and 

phosphorus from the water column (although submerged macrophytes may supplement 

this supply through root access to sedimentary materials) and release metabolic 

byproducts, mainly oxygen, back into the water column.  Therefore, although 

photosynthetic rates will vary by species and light availability, the conclusions drawn in 

Chapters 3 and 4, that photosynthesis modifies mass and momentum transfer near SAV 

surfaces, should be universal.  Depending on the flow rate and the SAV metabolic rate, 

photosynthesis could induce higher surface shear stresses for all SAV (Chapter 4).  

Depending on the blade or leaf morphology and the flow conditions, photosynthetic rates 

for other species could be modeled using the model presented in Chapter 3.  These results 
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show fluid flow characteristics and SAV dissolved material uptake are tightly 

intertwined. 

The results for nickel uptake (Chapter 2), that SAV had a larger contribution to 

dissolved nickel uptake than epiphytes under all flow conditions, may not be applicable 

to other metals or other SAV species.  The capacity to uptake dissolved heavy metals is 

species specific and E. canadensis has been shown to be a heavy accumulator of 

dissolved nickel (Fritioff & Greger 2003, Samecka-Cymerman & Kempers 2003).  

Epiphyte abundance and assemblage composition can also vary widely across water 

bodies and host SAV species (Gross et al. 2003).  Equally, the conclusions from Chapter 

5 relating epiphyte contribution to phosphorus concentrations in a constructed wetland 

are dependent on epiphyte abundance and assemblage composition, SAV species 

photosynthetic rate and access to sedimentary phosphorus pools.  One general conclusion 

of this work is that epiphytes can have a large effect on dissolved material cycling and 

uptake rates and mechanisms are not the same as SAV.      
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Chapter 2 Uptake of dissolved nickel by Elodea 

canadensis and epiphytes influenced by fluid flow 

conditions 
 

Using a laboratory mesocosm consisting of live plants and epiphytes grown in a 

re-circulating flume, dissolved nickel uptake by Elodea canadensis Michaux is compared 

with nickel uptake by the associated epiphytic community under a range of flow 

conditions.  A flux model was developed and applied to the measured tissue nickel 

concentration data and generated three parameters descriptive of nickel uptake; uptake 

rate, equilibrium concentration, and time to equilibrium. The relationship of these 

parameters to flow conditions, represented by the dimensionless variable Reynolds 

number, was compared between epiphytes and plants.  Water flow was shown to have a 

stronger effect on the uptake performance of epiphytes than that of plants, implying that 

water-side mass transfer plays a more important role in epiphytic nickel uptake than it 

does in plant nickel uptake.  Although nickel concentrations were much higher in the 

epiphyte community than in E. canadensis, more total nickel was sequestered in E. 

canadensis.  This research indicates that fluid flow conditions alter nickel uptake by E. 

canadensis and the epiphytic community and that the two have different preferential flow 

regimes.  It also suggests the promising bioremediation potential of both in moving fluids 

in aquatic environments.  
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2.1 Introduction 

Aquatic plants have received much attention recently for their potential use for 

bioremediation of heavy metals in contaminated surface waters (Dhir et al. 2009, Rai 

2009).  Phytoremediation is especially promising for removing low dose metal 

contamination where more traditional methods are either not effective or costly.  

Submerged aquatic macrophytes and floating plants remove metals directly from the 

surrounding water as well as from the sediment (Weis & Weis 2004).  The submerged 

aquatic macrophyte Elodea canadensis (Michaux) has been identified to have potential 

for phytoremediation due to its ability to accumulate heavy metals in eutrophic water 

(Fritioff & Greger 2003, Samecka-Cymerman & Kempers 2003).  Nickel is taken up by 

aquatic macrophytes both actively via ion transport systems (Chen et al. 2009) and 

passively through adsorption and absorption (Dhir et al. 2009). 

Aquatic macrophytes often grow in association with epiphytic microbial 

communities consisting of bacterial, algal, and fungal microorganisms.  Gosselain et al. 

(2005) found that E. canadensis had the highest epiphytic biomass of the five 

macrophytes in their study.  Field studies have shown that epiphytes and macrophytes 

uptake heavy metals at differing capacities (Lakatos et al. 1999, Kljakovic-Gaspic et al. 

2004, Schlacher-Hoenlinger & Schlacher 1998).  Differences in uptake rates and 

equilibrium concentrations between macrophytes and epiphytes may be due to the 

relative importance of mass transfer versus kinetics and macrophyte-epiphyte 

interactions.  Due to their small size, epiphytes have a high surface area to volume ratio 

and adsorption may be a dominant uptake mechanism (Haferburg & Kothe 2007).    
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Water motion has been demonstrated to have a strong influence on macrophyte 

and epiphyte metabolism, affecting photosynthesis and nutrient acquisition (Koch 1994, 

Hurd et al. 1996, Baldy et al. 2007).  In return, plant-epiphyte communities, called 

submerged canopies, influence water motion by creating a shear layer due to resisting 

movement in the flow direction and breaking apart larger eddies (Ghisalberti & Nepf 

2002).  The shear layer at the top of a submerged canopy enhances vertical mixing 

through the generation of coherent, canopy scale eddies that, in sparse canopies, can 

penetrate to the sediment surface (Raupach et al. 1996, Ghisalberti & Nepf 2002).  Some 

characteristics of a mixing layer include an inflection in the mean velocity profile and 

vertical heterogeneity in Reynolds stresses within the canopy, (Raupach et al. 1996).  

Higher flow rates and turbulence result in thinner diffusive boundary layers at the plant 

surface and higher mass transfer rates (Kays et al. 2005).  The presence of epiphytes on 

the macrophyte surface could either enhance the mass transfer effects of turbulence by 

increasing the surface roughness (Koch 1994) or the epiphytes may shield the 

macrophytes surface and create a thicker diffusive boundary layer (Sand-Jensen et al. 

1985).   

Experiments to date have reported nickel uptake by aquatic plants either under 

controlled laboratory settings where ambient nickel concentration is varied in a stagnant 

fluid (e.g. Kahkonen & Manninen 1998, Maleva et al. 2009) or have collected field data 

comparing biotic heavy metal concentrations in various water bodies without 

characterizing the fluid flow environment (e.g. Mortimer 1985, Samecka-Cymerman & 

Kempers 2003).  These approaches contribute important insights regarding the biotic 
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mechanism of heavy metal uptake in the former and metal fate in the environment in the 

latter, but do not address the potential coupling of fluid flow conditions with nickel 

uptake.  Although there are many studies that examine the relationship between flow 

conditions and uptake of macronutrients by submerged macrophytes or macroalgae (e.g. 

Koch 1994, Hurd et al. 1996), we are not aware of any that have quantified the effect of 

flow conditions on heavy metal uptake by macrophytes or epiphytes.  In field studies, 

where fluid flow conditions are not quantified, heavy metal concentrations in epiphytes 

have been shown to be quite different than in their macrophyte hosts (Lakatos et al. 1999, 

Kljakovic-Gaspic et al. 2004, Schlacher-Hoenlinger & Schlacher 1998).  Cornelisen and 

Thomas (2002, 2006) have elaborated how flow conditions affect nitrogen uptake by 

seagrass and the associated epiphyte community and found that epiphytes accounted for 

the largest uptake level and epiphytic uptake was controlled by mass transfer.  As heavy 

metals are essential micronutrients yet toxic in large quantities, uptake patterns of 

micronutrients are not expected to behave similarly to macronutrient uptake.    

This study is the first to examine the relationships between nickel uptake and fluid 

flow conditions in both epiphytes and macrophytes.  By creating a laboratory mesocosm 

within a re-circulating flume, it was possible to vary fluid flow conditions and measure 

nickel concentration responses beyond what could have been done in a field study.  At 

the same time, the mesocosm consisted of living plants populated with a naturally 

colonizing epiphyte community, similar to what would been found in the natural 

environment and in contrast to the idealized array of cylinders often used in engineering 

studies on the effects of flow conditions on mass transfer. 
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2.2 Materials and methods 

2.2.1 Model of Nickel Uptake 

The rate of change in nickel concentration over time within the control volume 

around the plant or epiphyte due to uptake from the surrounding water can be expressed 

as:  

C
V

W(t)

dt

dC       (2.1) 

where C (mg Ni (g DW)-1) is the nickel concentration in the plant or epiphyte, t (s) is the 

time since nickel addition to the system, W(t) (m s-1) is the rate that nickel is entering the 

control volume around the plant or epiphyte, in this case a step function, V (m3) is the 

plant or epiphyte volume, and  (s-1) is the rate of uptake.  Note that  captures both 

water-side, mass transfer controlled uptake and plant-side, kinetic controlled uptake.  

Assuming  and V are constant, the initial tissue nickel concentration is Co, and that after 

a large time the concentration approaches an equilibrium concentration, Ceq, Eq. 2.1 can 

be integrated and results in an expression for the tissue nickel concentration as a function 

of the exposure time,  

)e(1CeCC(t) λt
eq

λt
o

      (2.2) 

   The nickel flux, J (kg m-2 s-1), across the plant or epiphyte frontal surface area, Afr 

(m2), is defined as the rate of change of the nickel concentration, dC dt-1, within the 

control volume: 
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dV
dt

dC
dAn̂J

.V.CAf

       (2.3) 

  After integrating both sides of Eq. 2.3 and evaluating J at t = 0, when the flux is 

maximum, 

 0eq
fr

CCλ
A

V
J 








      (2.4) 

The flux can be expressed non-dimensionally as the Sherwood number (Sh); the 

ratio of the total mass transfer to the diffusive mass transfer: Sh = Jtotal/Jdiffusive.  A 

Sherwood number of one indicates that flux is purely due to molecular diffusive transport 

and reaction kinetics such as in non-moving fluid.  A Sherwood number greater than one 

indicates that fluid motion is enhancing uptake.  To examine the effect of water motion 

on nickel uptake, Sh is commonly expressed as a function of two other dimensionless 

variables, the Schmidt number, Sc = /D where  (m2 s-1) is the kinematic viscosity, and 

D (m2 s-1) is the diffusion coefficient, and a characteristic Reynolds number, Re = uL/ 

where u (m s-1) and L (m) are characteristic velocity and length scales, respectively.  The 

Reynolds number is the dimensionless ratio of inertial forces to viscous forces.  Low 

Reynolds number flows tend to be less turbulent that high Reynolds number flows.    

Due to the dominance of canopy scale eddies, much of the turbulence within the 

canopy is not locally generated (Raupach et al. 1996), and a measure of velocity that 

accounts for the turbulent fluctuations within the entire flow field is appropriate 

(Cornelisen & Thomas 2006).  For this reason, the characteristic velocity scale used to 



 

 16 

describe nickel flux is the mid-canopy, profile averaged root-mean-square velocity, 

rmsu  (m s-1), defined as: 

 222
rms w'v'u'

3

1
u      (2.5) 

where u’, v’, w’, are the fluctuating velocity components in the stream-wise, span-wise 

and vertical direction.  The triangular brackets  signify spatial averaging and the 

overbar indicates temporal averaging.  The effective height of the canopy, hc (m), is used 

as the characteristic length scale since canopy geometry drives the flow characteristics.  

Other canopy length scales, such as plant spacing or stem diameter have been used as the 

characteristic length scale for canopy flow studies but these don’t lend themselves well to 

the heterogeneity found when using real plants.  Effective canopy height is defined as the 

point of inflection in the mean velocity profile (Raupach et al. 1996).  For the analysis 

presented in this paper, Reynolds number, Rec, is defined as: 

ν

hu
Re crms

c       

2.2.2 Description of mesocosm 

A laboratory mesocosm consisting of live E. canadensis plants, colonized with 

epiphytes and held in place by a washed sand substrate, was constructed in a 1065 L 

variable flow rate, re-circulating flume (Fig. 2.1).  For each experiment, 50 live E. 

canadensis plants, canopy density of 122 plants m-2, were arranged in ten rows placed 10 

cm apart with five plants per row spaced 8 cm apart and staggered to minimize wake 

interference.  The foremost row was 2.6 m downstream from the channel entrance to 
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minimize entrance effects.  The flume channel dimensions were 0.31 m height, 0.47 m 

width, and 5.2 m length emptying into a 400 L reservoir.  The flume return valve was 

adjusted to control discharge and create free stream velocities of approximately 0, 2, 3, 

and 5 cm s-1; similar to the range reported in field studies of submerged macrophyte 

canopies including E. canadensis (Losee & Wetzel 1993, Madsen & Warncke 1983; 

Sand-Jensen & Pedersen 1999).  Water from the Upper Mississippi River with no 

additional nutrients was used.  Light was provided by three overhead growth lights, 

controlled on a 12 hour cycle, with 145 molquantam-2s-1 maximum irradiance as 

measured at the washed sand surface.  A constant volume of water was maintained by 

adding water daily to a prescribed level to avoid concentrating the soluble nickel by 

evaporative water losses.  Prior to the start of the experiment, sand was washed 

repeatedly until no fines were visually present in the water when sand was agitated.  

Washed sand was used as a substrate to minimize nickel adsorption to sediment as well 

as discourage E. canadensis root formation and root nickel uptake.  Before each 

experiment, the flume water was replaced twice and the flume walls were cleaned to 

minimize residual nickel in the system from the previous experiment.  All plants were 

removed after each experiment and replaced with fresh, non-nickel exposed E. 

canadensis grown at the laboratory.   
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2.2.3 Measurement procedure  

Velocity fields were quantified before nickel addition for each experiment using 

an ADV (Sontek YSI Incorporated, San Diego, California, U.S.A.).  Flow was seeded 

with two m diameter silica particles to improve the signal-to-noise ratio.  Raw data was 

filtered using WinADV software (U.S.A. Bureau of Reclamation) to remove 

measurements with correlation scores less than 70 percent, data spikes and signal-to-

noise ratios greater than five percent.  Velocity measurements were made with an 

acoustic Doppler velocimeter at 50 Hz sampling frequency for one minute in each sample 

location (3000 data measurements per location per profile per experiment).  Three cross 

sectional profiles consisting of 50 measurement points were completed for each 

experiment located in front of the canopy, in the middle of the canopy, and behind the 

canopy.  From the raw data, the time averaged, and span-wise spatially averaged velocity 

profiles U  (m s-1), the span-wise spatially averaged root-mean-square velocity, rmsu , 

and the dimensionless ratio of fluctuation level to free stream velocity, commonly 

referred to as turbulent intensity, Tu (%): 




U

u
100(%)Tu rms     .  (2.7) 

were determined where U  (m s-1), is the free stream velocity measured in front of the 

canopy. 

All samples for determination of nickel content were immediately processed after 

collection from the flume.  Sampling intervals ranged from one half hour interval at the 
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beginning of the experiments when concentration was rapidly increasing to once a day 

after equilibrium was expected to have been achieved.  At each sample time, two plants 

were harvested.  Plants were harvested every other plant from the back of the canopy first 

to minimize canopy disturbance.  Experiments lasted between 48 hours for the highest 

Reynolds number to six days for the stagnant water experiment.   

Immediately after harvest, E. canadensis-epiphyte samples were placed in 50 mL 

of 65 mM phosphate buffer solution rinse (pH 6.8) to maintain osmolarity of the samples 

and thus prevent nickel leaching via cell lysis during the separation process (Zhang et al., 

2003).  Epiphytes were separated from plants using gentle mechanical agitation; a 

method reported to result in 90 % removal efficiency (Zimba and Hopson 1997). The 

epiphyte slurry rinse was filtered onto a pre-weighed, pre-combusted Whatman GF/F 

filter (nominal pore size 0.7 m).  Both plant and epiphyte samples were air dried, dried 

for 2 hrs at 105 ºC, then weighed to determine dry weight DW (g).  Plant and epiphyte 

samples were dry-ashed in a muffle furnace for 2 hrs at 450 oC, dissolved in 5 mL of 50% 

HCl, and diluted to volume with de-ionized water (Azcue & Mudroch 1994, Zheljazkov 

& McNeil 2008).  The flume wall epilithic community was sampled via scraping a 

known area and prepared for analysis using the same procedure as for plant and epiphyte 

samples.  Water samples were filtered through a Whatman GF/F filter before measuring 

nickel content.  Unfiltered water samples were also collected for nickel concentration 

analysis to determine the contribution of the plankton community.  Nickel content was 

measured using atomic absorption spectroscopy (Perkin Elmer AAnalyst 100, Waltham, 

Massachusetts, U.S.A.).  Ni(NO3)2 in 0.1 mol L-1 HNO3 was used to determine the 
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calibration standard curve.  Samples were run blind with periodic checks of reagent 

blanks.  All lab ware was acid-washed prior to use.  The detection limit of the atomic 

absorption spectrometer was 0.14 mg L-1. 

Plant volume was measured before and after each experiment using a water 

volume displacement method.  Plant frontal surface area was determined digitally, using 

an image analysis program, ImageJ 1.37v (National Institute of Health, USA) on 

individual plant photographs.  For plants, the volume-to-frontal area ratio, V Afr
-1, was 

determined by linear regression to be 0.089 cm (r2 = 0.65, n = 40).  Linear regression was 

also used to relate plant volume to dry weight (DW = 0.046V, r2 = 0.79, n = 42).  For 

epiphytes, a five m diameter spherical shape was assumed which results in V Afr
-1 = 1.7 

x 10-4 cm.  The dry weight to volume ratio for epiphytes was assumed to be the same as 

for plants.   

Temperature, T (oC), pH, and dissolved oxygen, DO (mg L-1), were monitored 

using a calibrated Hydrolab DS5 Water Quality Sonde (Hach Corporation, Loveland, 

Colorado, United States of America (USA)).  The molecular diffusion coefficient used 

for nickel in water, D (m2 s-1), was 1.01 x 10-9 m2 s-1 (Sato et al. 1996).   

2.3 Results 

2.3.1 Mesocosm conditions  

Mesocosm dissolved oxygen concentration was diurnally periodic, indicating a 

functioning biotic system, with approximately 0.3 mg L-1 amplitude periodicity.  The 

mean pH was 8.8 for all experiments (Table 2.1).  Water temperatures averaged 31.6 oC 

for the three experiments with flowing water and 26.7 oC for the experiment with 
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stationary water (Table 2.1).  Although the flume was washed and the water was replaced 

between experiments, there was residual nickel in the mesocosm that altered initial 

conditions and had to be accounted for in the model (Table 2.2). 

 

Rec  U   rmsu   
DW  

E. canadensis
Epiphyte 
biomass pH T  x 10-6 

(-) (cm s-1) (cm s-1) (g) (g g DW-1)   (oC) (m2 s-1) 

0 0 0 0.023 ± 0.015 0.690 ± 0.303 8.7 26.7 ± 0.6 0.861 
220 1.96 0.21 0.040 ± 0.014 0.185 ± 0.067 8.9 31.4 ± 0.9 0.777 
340 3.06 0.32 0.015 ± 0.007 0.473 ± 0.166 8.9 32.3 ± 0.9 0.763 
460 5.27 0.45 0.031 ± 0.014 0.183 ± 0.053 8.8 31.0 ± 0.8 0.784 

Table 2.1  Experimental conditions within mesocosm. Average values of free stream velocity ( U ), pH, 

and temperature are provided.  Reported epiphyte biomass is averaged across all plants for each 

experiment.  E. canadensis DW is the average dry weight of an individual plant for that experiment.  The 

kinematic viscosity of water () was calculated for each experiment based on the average water 

temperature.   All reported errors are one standard deviation.   

 

Individual E. canadensis biomass ranged from 15 to 40 mg DW (Table 2.1).  The 

change in plant biomass over the course of the experiment, measured as the difference 

between initial and final plant displacement volume, showed no trend with exposure time.  

Neither total biomass nor change in biomass was related to Reynolds number.  Epiphyte 

biomass, defined as the epiphyte community dry weight per plant dry weight, averaged 

over the duration of an experiment, ranged from 183-690 mg g-1 DW.  There was no 

correlation between epiphyte biomass and Reynolds number (Table 2.1).  There was no 

change in epiphyte biomass after nickel addition.  Average epiphyte biomass was on the 
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low side of reported Elodea epiphytic field densities which range from 273 mg g AFDW-

1 (Gross et al. 2003) to 2.81 g (g DW)-1 (Pelton et al. 1998).   

 

2.3.2 Flow characteristics  

Profiles of span-wise averaged urms are reported both in front of the canopy and 

within the canopy, where a peak urms occurs at the canopy height for Rec = 340 and 460 

(Fig. 2.2).  Effective canopy height, hc, was found to be 8 cm for these cases and used as 

hc for all experiments.  Experimental flow conditions ranged from non-moving water to 

free stream velocities of 5.3 cm s-1 with unsteady flow (Table 2.1). Profile averaged urms 

values within the canopy, used to calculate Rec, are reported in Table 2.1.  Turbulent 

intensity collapsed within the canopy but outside of the canopy, retained the open channel 

flow distribution that was seen in front of the canopy (Fig. 2.3).   
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  Rec    Co  Ceq  teq  R2  

  - (hr-1) (mg Ni g DW-1) (mg Ni g DW-1) (hr) - 

E. canadensis 0 0.03 0.211 1.178 151.3 0.86 
E. canadensis 220 0.07 0.400 1.218 58.1 0.76 
E. canadensis 340 0.19 0.237 0.919 23.0 0.81 
E. canadensis 460 0.23 0.120 0.618 19.2 0.45 

Epiphytes 0 0.05 0.197 1.708 85.8 0.57 
Epiphytes 220 0.05 0.665 2.380 79.6 0.86 
Epiphytes 340 0.07 1.020 3.238 63.3 0.48 
Epiphytes 460 0.11 0.105 2.798 41.4 0.89 

Water 0 0.03 0.713*  0.229* 182.9 0.98 
Water 220 0.06 0.570* 0.267* 75.7 0.92 
Water 340 0.13 0.452* 0.250* 34.1 0.92 
Water 460 0.06 0.492* 0.160* 87.0 0.95 

* Water nickel concentration in mg Ni L-1. 
    

Table 2.2 Coefficients generated from model of nickel uptake.  Coefficients include uptake rate, , initial 

concentration, Co, equilibrium concentration, Ceq, and time to equilibrium, teq.  Values of R2 for each model 

are also given.  /huRe crmsc  . 

 

2.3.4 Relating nickel uptake to flow conditions   

For both epiphytes and E. canadensis, the uptake rate  increased with Reynolds 

number with a stronger Rec response seen in E. canadensis (Fig. 2.5a).  Equilibrium 

tissue concentrations were normalized by water equilibrium concentrations to account for 

possible effects of varying water nickel concentrations.  The resulting biological 

concentration factor, BCF (mg Ni (g DW)-1 per (mg Ni L-1)), is graphed versus Rec (Fig. 

2.5b).  In plants BCF was constant for low Reynolds numbers then decreased with 

increasing Rec.  For epiphytes, BCF increased with increasing Reynolds number.  For 

both macrophytes and epiphytes the time to equilibrium, teq, decreased as Rec increased 
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to flow in front of the canopy) for Rec = 460 and decreased for Rec = 220.  This suggests 

that the morphology and geometry of the canopy has a stronger effect on flow conditions 

within the canopy than the approaching flow.  Physically, at low Reynolds numbers with 

low turbulent kinetic energy, the canopy is dissipating kinetic energy and at higher 

Reynolds numbers the canopy enhances turbulence by producing canopy scale eddies.  

Locally, mixing and transport are greatest at the top of the canopy where turbulent 

intensity and shear stress peak (Wilson & Shaw 1977).  This high level of mixing may 

enhance nickel uptake by rapidly replenishing the source at the edge of the boundary 

layer or it may degrade nickel uptake through surface scour.  Further research examining 

the variations in spatial distribution of nickel within the canopy, for both epiphytes and 

macrophytes would strengthen our understanding of the relevant transport mechanisms. 

BCF values for E. canadensis in stationary water, Rec = 0, are nearly identical to 

that reported in Maleva et al. (2009).  The change in plant biomass over the course of the 

experiment, measured as the difference between initial and final plant displacement 

volume, showed no trend with exposure time, either indicating that nickel exposure was 

sublethal or that plant production response time was longer than the duration of the 

experiment.  In plants, BCF was constant for low Reynolds numbers then decreased with 

increasing Rec.  If uptake was due to a mass transfer process such as adsorption, Ceq 

would be expected to increase as Rec increases.  A BCF that decreases with increasing 

Rec, indicates that E. canadensis is exhibiting a physiological response to increased flow 

rates.  BCF was higher in the epiphytes than in E. canadensis for all Rec.  For epiphytes, 

BCF increased with increasing Reynolds number.  This indicates either mass transfer 
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control or dual mass transfer/kinetic control (Sanford & Crawford 2000, Thomas & 

Atkinson 1997).  Epiphytic nickel equilibrium concentrations for all Reynolds numbers 

were greater than 1000 g Ni (g DW)-1; the value used to define a plant as a hyper-

accumulator (Brooks et al. 1977).  The opposing trends in BCF with increasing Rec 

indicate that different mechanisms control nickel uptake between E. canadensis and the 

epiphyte community.  It is not possible from this data to separate out how macrophyte-

epiphyte interactions, such as epiphytic shielding, altered roughness or excretion, may 

have altered the relative distribution of nickel.  Epiphyte biomass, which would be 

expected to correlate with interaction effects, did not show a trend with Rec although 

BCF did. 

For both E. canadensis and the epiphyte community, teq decreased with increasing 

Rec and  increased with increasing Rec.  This demonstrates how much more efficiently 

uptake occurs with fluid motion than under only molecular diffusion.  For comparison, 

for nickel uptake by E. canadensis  in stationary water based on the data from 

Kahkonen and Manninen (1998) was calculated by applying a first order model to their 

data then averaging across their three reported concentrations ( = 0.045 hr-1).  For all but 

one experiment the biota reached equilibrium before the water, indicating that water 

equilibrium concentrations were not controlling the equilibrium concentration in the biota 

(Table 2.2). 

In the nickel flux model it was assumed that the nickel loading rate was a constant 

once the nickel had been added to the system.  However, dissolved nickel levels in the 

mesocosm water decreased as a first order process over time (Table 2.2).  In evaluating 
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the validity of the original model assumption it is important to recall that the control 

volume is around the biota. The central assumption in this model is that the concentration 

of water in the system greatly exceeded the biota’s ability to process it.  This assumption 

would be incorrect if a passive process such as adsorption was the dominant nickel 

uptake mechanism.  Typically, adsorption accounts for a negligible level of heavy metal 

uptake in macrophytes (Hudson 1998) but may be significant for epiphytes.  To examine 

the potential effect of decreasing water nickel concentration, biotic nickel uptake was 

modeled using the exponential decay equation to describe the water nickel concentration 

as the loading rate, W(t).  This resulted in a first order, linear, non-homogeneous 

differential equation with an exact solution.  After fitting this equation to the 

experimental tissue nickel concentration data, equilibrium concentration levels were 

found to not change from the original model but the tissue uptake rate, , was limited by 

the decay model to be lower that the water nickel decay rate.   

It is possible that the uptake of nickel was influenced by temperature.  In the three 

experiments with moving fluid the pump input heat into the mesocosm resulting in a four 

degree Celsius difference between the moving water temperatures and the stationary 

experiment water temperature (Table 2.1).  There was no significant difference between 

water temperatures in the three moving water experiments.  Water temperature is 

indirectly included in the uptake dependency on Rec seen in Figs. 2.5 and 2.6, through the 

variation of  with water temperature.  Fritioff et al. (2005) found that increasing the 

water temperature from 5 °C to 20 °C resulted in higher nickel concentrations in E. 

canadensis plants at the higher temperature.  In contrast, the data presented here does not 
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reflect a trend in BCF with temperature nor is water temperature correlated with Rec.  For 

E. canadensis, the coolest experiment, Rec = 0, had the highest nickel concentration.  

The curve reflecting Sh versus Rec on E. canadensis nickel uptake flattens out 

below Rec = 340, indicating that for Rec higher than this, fluid flow conditions no longer 

influenced nickel uptake (Fig. 2.6).  The Sh versus Rec curve for epiphytes does not 

shown saturation of the effect of fluid flow conditions within the tested range of Rec.  It is 

expected that for some Rec greater than what was tested, the capacity of the epiphyte 

community to uptake nickel will be fully utilized and the Sh versus. Rec graph would also 

flatten out.   

 

2.5 Conclusion 

Through laboratory mesocosm experiments with live E. canadensis and naturally 

colonizing epiphytes grown in a re-circulating flume, fluid flow conditions are shown to 

have a negative effect on E. canadensis ability to concentrate nickel, as measured by 

BCF, and a positive effect on the rate of uptake.  In contrast, increasing Rec resulted in an 

increased biological nickel concentration factor for the epiphytic community with no 

saturation of this effect seen within the fluid flow range tested.  Although tissue nickel 

concentrations were much higher in the epiphyte community than in E. canadensis, more 

total nickel was sequestered in E. canadensis.  This result would be reversed if mesocosm 

epiphyte densities reflected the higher epiphyte densities previously reported in field 

studies.  This research indicates that fluid flow conditions alter nickel uptake by E. 

canadensis and the epiphytic community and that the two have different preferential flow 
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regimes.  It also suggests the promising bioremediation potential of both in moving fluids 

in aquatic environments.  
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Chapter 3 Photosynthetic oxygen flux by 

Macrocystis pyrifera: A mass transfer model with 

experimental validation 
This chapter elaborates the development of a mass transfer model to determine 

rates of photosynthetic oxygen flux from the giant kelp, Macrocystis pyrifera in a moving 

fluid.  The model can be used to calculate local dissolved oxygen flux, blade averaged 

oxygen flux and daily average net primary productivity for a kelp forest.  Predicted rates 

of photosynthetic oxygen flux agree well with previously reported direct measurements.  

This model was derived from the fundamental principles of conservation of mass and 

momentum over a flat plate using an integral method approach and is applicable in 

laminar, transitional and turbulent flows.  It predicts oxygen flux as an explicit function 

of fluid flow conditions above the kelp blade.  Experimental velocity profiles and 

dissolved oxygen concentration profiles, measured under a range of fluid flow conditions, 

followed power-law scaling and demonstrated local similarity between oxygen and 

velocity distribution within the boundary layers above the kelp blade.  The proposed 

model provides a useful tool for estimating rates of photosynthesis with minimal data 

collection. 

3.1 Introduction 

Macrocystis pyrifera, commonly known as giant kelp, forms large, highly 

productive forests in temperate coastal waters worldwide (Graham et al. 2007).  It 

typically grows in near shore, subtidal regions that can be either current or wave 
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dominated (e.g. Gaylord et al. 2004).  At reported growth rates of 2 kg dry mass m-2 yr-1 

and a standing biomass of 10 fronds m-2 (Reed et al. 2008, Rosman et al. 2007), M. 

pyrifera heavily influences local concentrations of dissolved gases and water velocity, 

creating an important microhabitat that maintains biodiversity (Dayton 1985, Steneck et 

al. 2002).  Within M. pyrifera forests, velocities have been reported to be 25-33% of 

those measured in adjacent open waters (Fram et al. 2008).   

Experimental studies have demonstrated that water motion can modify the rate of 

photosynthesis and thus primary productivity, by M. pyrifera through three distinct 

processes (Wheeler 1980, Gerard 1982, Hurd et al. 1996).  Low nitrate concentrations, 

such as occur in the summer, coupled with low seawater velocities, have been shown in 

both field and laboratory investigations to decrease photosynthesis (Jackson 1977, 

Zimmerman & Kremer 1986, Hepburn & Hurd 2005).  Dissolved inorganic carbon (DIC) 

limitation of photosynthesis can occur at free-stream velocities less than 7 cm s-1 with 

water DIC concentrations under 6 mol L-1 (Wheeler 1980).  DIC limitation is thought to 

result from either boundary layer resistance or from the buildup of the photosynthetic 

waste product OH- in the boundary layer (Maberly 1990, Gonen 1993, Hurd 2000).  

Recent research suggests that reduced efflux of dissolved oxygen (DO) from the blade 

surface may increase photorespiration and thus lower photosynthetic rates (Mass et al. 

2010).  

The influence of water motion on the supply of dissolved nutrients and the 

removal of metabolic byproducts at the blade surface is referred to as mass transfer (e.g. 

Hurd 2000).  During photosynthesis, local gradients of DIC, dissolved nutrients, and DO 
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form concentration boundary layers adjacent to the surface of kelp blades due to the 

difference in the free-stream water concentration and the concentration at the blade 

surface.  Similarly, a velocity gradient is formed by the stress generated by fluid motion 

near the blade surface (e.g. Kays et al., 2005).  When water motion limits mass transport, 

the supply of DIC and dissolved nutrients to the blade surface is replenished slower than 

the blade consumes them and photosynthetic rates are limited by mass transfer processes.  

The occurrence of mass transfer limitation of photosynthesis depends on the relative rates 

of kelp intracellular metabolic processes to the water side mass transfer processes 

(Sanford & Crawford 2000).  At higher velocities, intracellular processes are often more 

limiting to photosynthesis than are mass transfer processes (Enriquez & Rodriguez-

Roman 2006).  

Estimating rates of photosynthesis in situ continues to challenge researchers.  

Common methods include measuring electron transport rates (ETR) or measuring 

evolution of DO.  A direct measurement of photosynthetic rate can be made by placing a 

tissue segment in an enclosed chamber and recording the change in bulk water DO 

concentration , which is not practical in situ without altering the flow conditions (e.g. 

Wheeler 1980, Koch 1994).  While ETR measurements can be made relatively easily in 

situ, laboratory experiments have demonstrated that they are accurate predictors of 

photosynthetic flux only under conditions where light is limiting (Longstaff et al. 2002).  

Alternatively, DO concentration profiles, measured with micro-sensors, have been used 

with Fick’s Law to estimate photosynthetic flux (Sand-Jensen et al. 1985, Miller & 

Dunton 2007, Nishihara & Ackerman 2007).  This method preserves variations along the 
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blade, but the accuracy is strongly affected by the function used to describe the 

concentration profile and results vary depending on how the concentration is described 

mathematically (Hondzo et al. 2005, Nishihara & Ackerman 2006).  Additionally, 

relevant information about the momentum transfer is not explicitly incorporated into the 

estimation. 

Previous efforts to model photosynthetic flux using mass transfer theory have 

assumed fully turbulent flow conditions and used empirical constants to adjust for 

disagreements between field measurements and model predictions (e.g. Koch 1994, 

Falter et al. 2004, Cornelisen & Thomas 2009).  Although this may be justified for 

applications in habitats such as coral reefs, measured velocities in the interior of moderate 

sized M. pyrifera forests have been reported between 0.1 cm s-1 to 5 cm s-1 (Gaylord et al. 

2007, Fram et al. 2008), corresponding to laminar or transitional flow conditions.  

Laboratory experiments have demonstrated through flow visualization studies that flow 

unsteadiness around kelp blades starts around 2 cm s-1 (Wheeler 1980, Hurd & Stevens 

1997).  Flow that exhibits unsteadiness but has not developed to full turbulence, which 

occurs around Reynolds numbers of 105 for flow over a smooth flat plate, is termed 

transitional and is characterized by intermittent bursts of eddies (e.g. Schlichting 1979).  

At the velocities experienced inside a kelp bed, the assumption of fully turbulent flow 

would predict a thinner boundary layer, higher mass flux rate, and earlier saturation of 

mass transfer controlled flux than what occurs under the more realistic transitional flow. 

Fluid motion has been reported to mediate photosynthesis.  Fluid flow conditions 

within a kelp forest span laminar, transitional, and turbulent flow regimes.  The objective 
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of this study was to measure and model the effect of fluid motion on kelp photosynthesis 

over the velocity range typically reported within kelp forests.  The model has been 

applied to experimentally measured DO and velocity profiles above single blades of M. 

pyrifera to estimate local surface DO flux, blade averaged flux, and entire forest net 

primary productivity (NPP).  

 

3.2 Methods 

3.2.1 Model derivation 

The proposed model was derived from the laws of conservation of mass and momentum 

applied to control volumes extending from a kelp blade surface to the edge of the 

respective boundary layers.  It was assumed that the DO concentration at the blade 

surface, Cs (mg L-1), the free stream DO concentration, C∞ (mg L-1), and the free stream 

velocity, u∞ (m s-1), were constant.  It was further assumed the blade was 

hydrodynamically smooth; requiring that for typical velocities within a kelp bed (u∞ < 5 

cm s-1) the maximal blade corrugation height is less than 0.25 cm.   

Under the above assumptions the integral form of conservation of momentum into 

and out of a control volume of height  (m) and length dx (m) was expressed as: 






















  




00

2
s udy

dx

d
udyu

dx

d   (3.1) 

where x (m) is distance in the stream-wise direction, y (m) is the vertical distance 

from the blade surface, u (m s-1) is the stream-wise velocity, s (kg m-1 s-2) is the surface 
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Power functions were used to represent the velocity and DO profiles respectively: 

n
1

y

u

u








 
      (3.3) 
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     (3.4) 

where n is a constant.  The major assumption, resulting in the same exponential 

dependency on y  in Eq. 3.3 and y  in Eq. 3.4,  was that the shape of the 

dimensionless concentration profile and dimensionless velocity profile were locally 

similar.  The right sides of Eqs. 1 and 2 were integrated using Eqs. 3 and 4.  To evaluate 

s Eq. 3.3 was written in terms of the commonly used dimensionless variables u+ and y+, 

where u+ = u u*


, y
+ = yu* ,  (m2 s-1) is the kinematic viscosity, and u* (m s-1) is the 

shear velocity.  Eq. 3.3 was rearranged to the form: 

  n1

c yau          (3.5) 

where ac= (u∞ u*
-1)( (u*)-1)1/n and is typically treated as an empirical constant 

(Schlichting 1979).  Following the procedure developed by Reynolds to evaluate s in Eq. 

3.1, the ratio of  at y to  at  was evaluated then used with the mixing layer analogy for 

shear stress in a turbulent flow,   yu/ m    to solve for  m  , where  

m (m2 s-1) is the eddy diffusivity for momentum (Kays et al. 2005).  For a high Schmidt 

number (Sc =  D) fluid, such as seawater, where D is the molecular diffusion 

coefficient, the turbulent Schmidt number (ScT = m DT
), where DT (m2 s-1) is the 
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turbulent mass diffusion coefficient, is approximately one near a surface (Bird et al. 2002, 

Kays et al. 2005).  Using ScT = 1 with  >> m within the concentration boundary layer, 

the sum of the D and DT was expressed in terms of  m   as: 

   m
1

T ScDD         (3.6)   

This expression was then substituted into Fick’s First Law,  
y

C
DDJ T 


 , and 

evaluated at the blade surface.  The final expression for local surface oxygen flux is: 
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where A is the dimensionless constant: 
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A detailed derivation of the model can be found in the Supplement.   

Eq. 3.7 is an analytical solution to the conservations equations (Eq. 3.1 & 3.2) 

with the velocity and DO profiles approximated by a power function (Eq. 3.3 & 3.4).  It 

contains two model parameters, ac and n.   

To estimate the blade averaged DO flux, blade,sJ (mol cm-2 hr-1), Eq. 3.7 can be 

integrated over the area of the blade using the blade length L (m) and the blade width 

B(x) (m) where x is the distance from the stipe.  The blade averaged DO flux is then 

defined as: 
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L

0

s
s

blade,s dx)x(J)x(B
A

2
J     (3.9)  

where As (m
-2) is the total blade area.  

3.2.2 Flux estimation for no flow condition 

When the water velocity is zero DO is transported through the water by pure diffusion.  If 

the experimental sample time is less than required for the DO gradient to reach 

equilibrium, concentration variation with time must be included in the governing 

equation and is given by (e.g. Cussler 1984): 
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      (3.10)  

The exact solution to Eq. 3.10, evaluated at the blade surface is: 

)CC(tDJ ss        (3.11) 

where t (s) is the elapsed time. 

3.2.3 Sample collection and preparation 

M. pyrifera blades were collected between May and July 2007, near Harrington 

Point (45º47’03.5” S, 170º43’22.7” E) at the mouth of the Otago Harbour, Dunedin, New 

Zealand; a site that is sheltered from waves and affected by strong tidal currents 

(Hepburn & Hurd 2005).  Sample blades were selected to be similar distances along the 

fronds so that the ages of the blades were similar.  Blades were cut at the stipe-

pneumatocyst junction, placed in an insulated container filled with seawater and 

transported back to the laboratory, within two hours.  At the laboratory, blades were 
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stored in open, aerated plastic bins containing filtered (Whatman GF/C) seawater in a 

Conviron Model E15 temperature controlled room kept at 12 ºC with a 12:12 light-dark 

cycle.  An underwater Pulse Amplitude Modulated Chlorophyll fluorometer (Diving 

PAM, Heinz Walz GmbH), with 650 nm maximum emission wavelength and default 

internal gain and intensity settings, was used to select experimental blades based on 

measured fluorescent yield (Fv:Fm) (Maxwell & Johnson 2000).  

3.2.4 Laboratory experiments 

Experiments were conducted in a 46 L flume, described fully in Hurd et al. (1994) 

(Fig. 3.1).  Briefly, filtered seawater was re-circulated through a flume consisting of a 

small motor driven propeller, entrance diffusers, and a test section of dimensions 0.2 m 

width, 0.15 m height, 0.85 m length.  A photon flux density of 130 mol photons m-2 s-1 

at the blades surface, chosen to facilitate comparison with Wheeler (1980), was provided 

by an overhead SONT-ARGO 400 light.  Water temperature was monitored but not 

controlled.  The physical water property was calculated based on salinity of 35 g L-1 and 

the average temperature for each experiment (Table 3.2).  The value used for the 

molecular diffusion coefficient D was 1.7 x 10-5 cm2 s-1 (Wheeler 1980).  For each 

replicate, an individual kelp blade was attached to a flat plate and placed in the flume 

after removing the pneumatocyst.   
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Table 3.1  Experimental DO concentration data used in flux model for five replicate blades.  Surface DO 

concentration, Cs, was measured at the M. pyrifera blade surface.  Free-stream concentration, C∞, is the 

average concentration in the free-stream water above the boundary layer.  The concentration boundary 

layer thickness,  was determined as C()=1.01C∞ after fitting the entire DO concentration profile to a 

hyperbolic tangent.  It is not used explicitly in the flux model.  

Blade 

ID Rex  Cs  C∞   T 

 

blade,sJ  

- - (mg L-1) (mg L-1) (cm) (ºC) 

(mol 

cm-2 hr-1) 

1 0 21.98 9.99 N/A 12.2 0.08 

1 5000 23.33 9.64 0.085 11.3 0.15 

1 8500 20.39 9.95 0.160 11.4 0.20 

1 18200 18.46 9.78 0.052 11.3 0.25 

4 0 44.79 10.71 N/A 11.6 0.38 

4 5000 40.81 10.50 0.091 11.7 0.33 

4 8500 31.57 10.37 0.075 11.8 0.40 

4 18200 27.90 10.48 0.081 12.1 0.51 

6 0 41.52 10.36 N/A 17.0 0.47 

6 5000 49.19 9.90 .032 16.7 0.43 

6 8500 45.48 9.97 .033 16.6 0.68 

6 18200 22.77 10.03 .028 16.5 0.37 

7 0 31.29 9.93 N/A 16.1 0.15 

7 5000 29.32 9.55 0.033 15.7 0.22 

7 8500 31.57 9.60 0.020 15.5 0.42 

7 18200 30.27 9.57 0.018 15.5 0.60 

8 0 37.82 10.74 N/A 12.5 0.24 

8 5000 29.28 9.56 0.038 12.5 0.21 

8 8500 32.52 9.62 0.051 12.7 0.44 



 

 46 

 

Velocity was measured with an acoustic-Doppler velocimeter, (ADV; Sontek 

YSI Incorporated) at 50 Hz sampling frequency, for one minute per sample location.  

Velocity measurements were made every 0.2 cm within 3 cm of the blade and then every 

1 cm.  Vertical ADV position was adjusted manually with 0.1 cm accuracy.  Velocity 

profiles were located at the blade centerline, at a distance of 10 cm from the front of the 

blade, extending from the blade surface.  Shear velocity, u* (m s-1), used in the 

determination of ac from experimental data, was estimated three ways:  1.  from the slope 

of the time averaged velocity data in the log-law in the region, using the Law of the Wall, 

Byln
1

u  


, where  is the von Karman’s constant 0.41 and B is a constant; 2.  with 

the 2-D momentum equation for turbulent flow with boundary layer approximations, 

)H/y1(u
dy

du
'v'u 2

*  

 , where 'v'u  (m2 s-2) is the Reynolds stress and H (m) is the 

height of the channel (e.g. Nezu & Rodi 1986); and 3. from the definition of shear 

velocity 
0y

* dy

du
u



  .   

DO concentration was measured using an optical oxygen micro-sensor (Microx 

TX2-A) with a maximum tip diameter of 50 m (PreSens Precision Sensing GmBH).  

DO measurements were made every 0.05 mm near the blade surface then every 0.25 mm.  

Vertical sensor position was controlled using two mechanical stages with positional 

accuracy of 0.001 mm for measurements within five mm of the blade surface and 0.1 mm 
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for measurements further from the blade.  The location of the blade surface was 

determined by lowering the oxygen probe, using the precision stage, until contact of the 

probe with the blade was confirmed visually.  Then, to assure that the probe was not 

pushing into the blade tissue, the probe was retracted, again with the precision stage, until 

the DO concentration reading dropped.  This was repeated until the location of the kelp 

surface was determined.  Percent oxygen saturation was measured for 1 minute per 

sample location at 1 Hz sampling rate with temperature compensation enabled.  

Atmospheric pressure, used to convert DO measurements from percent saturation to mg 

L-1, was taken from www.metservice.co.nz as measured at the Dunedin airport 20 km 

away at three hour intervals.  Sensors were calibrated each day before measurements 

using a sodium sulfite solution (Na2SO3) and water saturated air.  DO concentration 

profiles were taken for each of the 5 replicate blades at average free-stream velocities of 

0.0, 2.7, 4.6, and 9.8 cm s-1.  To minimize the effect of the 1 mm tall kelp surface 

corrugations, measurements were always taken above the apex of a ridge (Hurd & 

Pilditch 2011). 

 

3.3 Results 

3.3.1 Flow conditions  

Experimental flow data were utilized to determine shear velocity and power 

functions for the mean velocity profiles.  The time-averaged experimental dimensionless 

velocity data were fit to Eq. 3.3 to determine n and  (Fig. 3.2).  The experimental free-

stream velocity, u∞, ranged from 2.71 cm s-1 to 9.83 cm s-1 (Table 3.1).  For all velocities, 
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(B) shows Rex = 8500, and (C) shows Rex = 18200.  The distance from the blade, y, is made non-

dimensional with the boundary layer thicknesses, for velocity profiles and  for concentration profiles.  

Velocity, u, is normalized with the free-stream velocity, u∞.  DO concentration, C, is made dimensionless 

using the surface concentration, Cs and the free-stream concentration, C∞.  All variables are time-averaged. 

 

Shear velocity estimates using the log-law method and the Reynolds stresses 

method agreed within 3% for both Rex = 8500 and Rex = 18200.  An average of these two 

results was used for the model (Table 3.1).  Insufficient resolution in the velocity profile 

near the blade surface prevented estimating u* using the gradient near the blade surface 

for Rex = 8500 and Rex = 18200.  Velocity profile data for Rex = 5000 did not have 

resolvable Reynolds stresses or a clear log-law region but did have sufficient resolution 

near the blade that the velocity gradient could be used to estimate u* (Table 3.1).  U* 

calculations from experimental data agreed with model estimated values within 12 %.  

U*, u∞ , , and n were used to calculate ac from experimental data using Eq. 3.5. 

 

 

Table 3.2  Flow characteristics based on experimental velocity profiles above M. pyrifera blades.  Free-

stream velocity, u∞, is the average velocity above the momentum boundary layer.  Shear velocity, u*, was 

Rex  u∞  u*    n R2  m 

- (cm s-1) (cm s-1) (cm) - - - 

5000 2.71 0.16 1.6 1.49 0.96 8 

8500 4.59 0.30 2.45 2.48 0.97 10 

18200 9.83 0.87 5.5 3.23 0.96 14 
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calculated using the slope of the Log-Law and the Reynolds stresses for Rex = 8500 and 18200 then 

averaged.  The definition of shear velocity was used to calculate shear velocity for Rex = 5000.  The 

momentum boundary layer thickness, , and the exponent n for the power function to the data are reported 

with the R2 for the nonlinear regression where m is the number of data points in the regression.   

 

Model parameters, n and ac, were graphed against Rex (Fig. 3.3).  Previously 

reported values for 105 < Rex < 2.5 106 (Burmeister, 1993) were included in the graph 

along with the exact Blasius solution for a laminar flow where n = 1, ac = 0.59, and Rex = 

1850.  All graphed points for Rex > 103 were used to generate the functional relationships 

to be used for model parameter determination. The resulting equations are:  n = 

1.29ln(Rex) – 9.08; (R2 = 0.97) and ac = 1.54ln(Rex) – 11 (R2 = 0.90).  For Rex less than 

2000, the parameters were fixed to n = 1, ac = 0.59. 
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3.3.3 Local surface oxygen flux 

The model was applied to each blade for non-zero velocities using the parameters 

n and ac generated from the velocity profiles and the measured values of u∞, Cs and C∞ 

for individual blades.  Water temperature varied by less than 0.6 ºC across experiments 

for an individual blade (Table 3.2).   was not a variable in the final expression for Js(x) 

(Eq. 3.7) and was not used in calculations.  Surface flux in the absence of advection (u∞ = 

0) was calculated using Eq. 3.11.  Predicted local DO flux from the kelp blades (5 

replicates) ranged from 0.27 ± 0.16 mol O2 cm-2 hr-1 for Rex = 0 to 0.80 ± 0.25 mol O2 

cm-2 hr-1 for Rex = 18200.  Js(x) increased with Rex (Fig. 3.5).  A one-way ANOVA was 

conducted to compare the effect of Rex on Js(x).  There was a significant effect of Rex on 

Js(x) for the 4 Rex conditions [F(3,16) = 10.08, p = 0.001].  Post-hoc Tukey’s HSD tests 

indicated that Js(x) for Rex = 18150 was significantly higher than the other three Rex 

conditions at P = 0.05 (qcritical = 4.05).  All other comparisons were not significant. 

 



 

 

F

re

 

3.

re

3

d

w

ph

(T

li

ig. 3.5  Variati

eplicates. 

.3.4 Blade a

Eq. 3.

elationship o

.6).  Implicit

escription of

was approxim

hotographs o

Table 3.2) an

imitation of p

ion of local sur

averaged surf

9 was integr

of mass trans

t in this grap

f blade morp

mated by app

of the experi

nd was 60% 

photosynthe

rface DO flux f

rface oxygen

rated numeri

sfer velocity

ph is the assu

phology x(B

plying a nonl

imental blad

higher, on a

esis than it w

54 

from blade, Js w

n flux  

ically using 

, k (cm s-1) t

umption that

x1.0x)x 

linear curve 

des.  blade,sJ w

average, at v

was in stagnan

with Rex.  Erro

a step size o

to u∞ where 

t salinity = 3

x  for a blade

fit to the ed

was determin

velocities tha

nt water (Ta

 

or bars represen

of 0.25 cm to

blade,sJ = kAs

35 g L-1 and t

e of length L

dge of a blade

ned for each t

at saturated m

able 3.1). 

nt one SD; five

o determine t

s
-1(Cs-C∞) (F

the mathema

L = 100 cm.  

e from 

tested blade 

mass transfer

e 

the 

Fig. 

atical 

B(x) 

r 



 

 

F

as

3.

d

d

2

as

N

U

M

N

ig. 3.6  Relatio

ssumptions for

 

.3.5 NPP es

To illu

aily NPP for

etermined u

008).  Novem

s light availa

November 20

Using Fig. 3.6

Mohawk Ree

November 20

onship between

r blade morpho

timate for en

ustrate the si

r the Mohaw

sing reported

mber data w

ability and w

006 within th

6 this corres

ef data set do

006 free strea

n mass transfer

ology, B(x) and

ntire kelp fo

implicity and

wk Reef fores

d data from 

was chosen to

water temper

he Mohawk R

sponds to a m

oes not inclu

am velocity 

55 

r velocity k and

d L. 

orest 

d validity of

st off the coa

November 2

o match envi

rature.  The d

Reef kelp be

mass transfer

de measurem

of 2.5 cm s-

d u∞ based on n

f the derived

ast of Santa 

2006 (Stewa

ironmental c

depth-averag

ed was 2.5 c

r velocity, k,

ments of Cs o

1 is fairly clo

numerical solu

d model, the 

Barbara, CA

art et al. 2009

conditions th

ged velocity 

cm s-1 (Stewa

, of 0.035 cm

or C∞, howe

ose to one of

 

tion to Eq. 3.9 

forest averag

A U.S.A was

9, Reed et al

hat affect Cs,

measured in

art et al. 200

m s-1.  The 

ever, the repo

f the velociti

and 

ged 

s 

l. 

, such 

n 

09).  

orted 

ies at 



 

 56 

which Cs and C∞ were measured in this experiment (tested u∞ = 2.7 cm s-1) so the average 

value of Cs-C∞ was determined from our data set to use for this estimation.   This was 25 

mg L-1(Table 3.2, Rex = 5000).  Assuming our blade morphology is typical for this 

location, blade area is 332 cm2.  A photosynthetic quotient of 1 (Arnold & Manley 1985) 

was used to convert blade averaged DO flux into blade averaged carbon dioxide (CO2) 

flux.  From the CO2 flux, the molar carbon flux could be determined and converted into 

grams of carbon per blade surface area per time (g C m-2 day-1).  This was converted to 

forest averaged daily NPP using the reported blade density for November 2006 of 2 m2 

blade area m-2 sea surface area (Stewart et al. 2009).  The resulting estimate of forest 

average daily NPP for November 2006 was 2.2 g C m-2 day-1; the same as determined by 

Reed et al. (2008). 

3.4 Discussion 

The proposed model can be used to predict local surface oxygen flux, Js(x), blade 

averaged surface oxygen flux, blade,sJ , or forest averaged daily NPP.  U∞ and C∞ are 

readily measured in the field or in a laboratory and Cs is easily measured in a laboratory.  

For field experiments, Cs can be measured using either traditional oxygen microprobes 

with a custom length cable or a self-contained oxygen optode probe positioned by a diver 

on the surface of the blade.  An alternative option is to use Cs measurements made in the 

laboratory to approximate in situ conditions although, as Fig. 3.4 illustrates, flow can 

have as much influence on Cs as does overall blade physiology and must be carefully 

replicated. The proposed model does not assume mass transfer limitation but indirectly 

reflects other factors affecting photosynthesis, such as; photon flux density (PFD), photo-
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adaptation, blade age and blade health, in the measurement of Cs.  For 4 of the 5 blades 

tested, Cs decreased as Rex increased (Fig. 3.4), indicating some degree of mass transfer 

limitation.  As velocities increase, transport of dissolved nutrients and waste products is 

more efficient, resulting in a lower Cs.  No functional dependency on Rex was measured 

for blade # 7 indicating that intracellular processes in the blade were limiting the rate of 

photosynthesis.  For detailed laboratory studies examining local photosynthetic oxygen 

flux rates along individual blades, Eq. 3.7 can be directly applied with parametric 

determination from Fig. 3.3.  There are no known measurements of local surface oxygen 

flux, so it was not possible to compare Js(x) results to the literature.   

To determine blade,sJ or estimate entire forest NPP from in situ measurements of 

u∞, C∞, Cs Eq. 3.7 can be integrated as shown in Eq. 3.9 or, if our assumed blade 

morphology is appropriate, Fig. 3.6 can be used to determine k and then blade,sJ =kAs
-1(Cs- 

C∞).  Since both n and ac are dependent on x, evaluating Eq. 3.9 analytically is difficult 

and numerical integration is recommended.  blade,sJ was found to range from 0.27 mol O2 

cm-2 hr-1 for Rex = 5000, to 0.43 mol O2 cm-2 hr-1 for Rex = 18200.  Previously reported 

blade,sJ for M. pyrifera under similar light and velocity conditions range from 0.3 to 2 

mol O2 cm-2 hr-1 (Wheeler 1980, Gerard 1986, Colombo-Pallota et al. 2006).  Our 

blade-averaged fluxes agreed well with reported values at low u∞ but were lower than has 

been previous reported at high u∞.  Although the PFD of 130 µmol m-2 s-1 in our 

experiment was chosen to match Wheeler (1980), our water temperature was lower and 

may have slowed physiological processes in comparison to other laboratory studies.  The 
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free-stream velocity that saturates photosynthesis is dependent on conditions such as light 

level, free-stream nutrient or carbon supply and blade age or health and has been reported 

between 2 to 8 cm s-1(Wheeler 1980, Gerard 1982, Hurd et al. 1996).  The proposed 

model coupled with our experimental data showed an average saturation velocity 

between 2 to 4 cm s-1 (Table 3.2).   

The kelp forest averaged NPP estimates from the application of our model agree 

with the NPP estimates generated by Reed et al. 2008 despite the numerous assumptions 

made in the application of our model.  Although data from the Mohawk Reef in 

November was chosen to justify using our experimental results for Cs, PFD within the 

forest was not matched.  PFD has been measured as high as 1200 mol photons m-2 s-1 on 

the water surface (Edwards & Kim 2009), but shown to decay to 10% of the surface 

value by a depth of 1 m (Stewart et al. 2009).  The depth-averaged PFD in a 30 m water 

column was calculated to be approximately 45 mol photons m-2 s-1.  However, the 

biomass is typically greater near the surface so the depth-averaged irradiance experienced 

by the kelp should be weighted by vertical biomass distribution and 130 mol photons m-

2 s-1 may be more reasonable than it initially seems.  Direct measurements of Cs at various 

depths could be used to assess this as well as providing additional spatial resolution to the 

model.  Variability of velocity with respect to position within the forest is available for 

Mohawk Reef (Gaylord et al. 2007) and could also be included to improve the model. 

The appropriate time scale for estimating NPP with this model presented is on the 

order of a day.  The Mohawk Reef kelp forest is reported to turn over 7 times per year 

(Reed et al. 2008) therefore it is not reasonable to use this model to estimate annual NPP 
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since it does not take into account the effects of growth rate, recruitment or disturbance 

history on NPP.  It is equally inappropriate to use this model to estimate NPP for time 

scales of less than a day, since on a shorter time scale, velocity fluctuations due to tides 

or internal waves can be significant and are not captured in the presented model.  On a 

shorter time scale, the effective u∞ in a wave dominated environment may be higher than 

the measured u∞ due to relative motion between the blade and the water (Denny & 

Roberson 2002, Stevens et al. 2003, Hepburn et al. 2007) and mass transfer limitation of 

photosynthesis would be saturated at lower velocities than the proposed model predicts.  

The proposed model can be used to estimate local, blade-averaged or forest scale 

NPP in laminar, transitional and turbulent flows.  Developed from the classic engineering 

integral method, it provides a simple equation requiring minimal measurements and 

parameter determination.  Being equally applicable in transitional flow regimes as in 

fully turbulent flow, the model accommodates the transitional flow characteristics that 

have been shown to be prevalent within kelp forests, yet are poorly matched by 

assumptions based on fully developed turbulent flow.  To our knowledge, our model is 

the first that is applicable to all flow regimes, making it especially useful for the 

conditions commonly encountered within aquatic canopies such as kelp forests. 
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3.5 Supplement:  Detailed model derivation 

Model derivation- Assuming a unidirectional flow and that the kelp blade behaves 

as a flat smooth plate, conservation of momentum in integral form is: 
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In integral form the conservation of DO mass is: 

  









 




0

s dyCCu
dx

d
J      (3.2) 

The velocity profile in the momentum boundary layer was modeled with a power 

function: 
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where n is a constant.  The dimensionless concentration profile can also be modeled with 

a power function: 
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The momentum equation was evaluated to determine as a function of x and the 

relationship of s to Rex, where Rex = u∞x/  The right side of Eq. 3.1 was integrated 

from zero to  after substitution of the power function (Eq. 3.3).  This results in the 

expression: 
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To evaluate s, Eq. 3.3 was written in terms of the commonly used dimensionless 

variables u+ and y+, where u+ = u u*


, y
+ = yu* , and rearranged it to the form: 
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c yau          (3.5) 

where ac= (u∞ u*
-1)( (u*)-1)1/n and is typically treated as an empirical constant 

(Schlichting 1979).  Substituting s*u   into Eq. 3.5 and evaluating it at s was 

determined as a function of :  
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Substituting the expression for surface shear stress provided in Eq. A3.2 into Eq. A3.1, 

separating terms and integrating, the relationship between  and x was determined to be: 
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where A is the constant given in Eq. 3.8.  Substituting Eq. A3.3 into Eq. A3.1 provides a 

dimensionless expression relating the local coefficient of friction, cf, to Rex: 
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To evaluate the conservation of mass given in Eq. 3.2, we substituted the velocity and 

concentration profiles (Eqs. 3.3 and 3.4), integrated and obtained: 
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To determine Js, the procedure developed by Reynolds (Kays et al. 2005) was 

followed.  Briefly, the integral form of the momentum equation is developed for a control 

volume extending from an arbitrary distance at or above the blade surface, y, to the outer 

limit of the boundary layer, .  The resulting form of the momentum integral equation is: 
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The ratio of Eq. A3.6 evaluated at y = y, to Eq. A3.6 evaluated at y = 0, using the 

velocity power function approximation from Eq. 3.3 resulted in: 
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Combining Eq. A3.7 with the mixing layer analogy of shear stress in a turbulent flow 

  yu/ m    and solving for  m  , the following expression was obtained: 
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Using the approximation ScT ≈ 1 for high Sc fluids (Bird et al. 2002; Kays et al. 

2005) and that within the concentration boundary layer  >> m, the sum of the molecular 

diffusion coefficient D (m2 s-1) and DT can be expressed in terms of  m   as: 

   m
1

T ScDD         (3.6) 

Using Fick’s First Law: 
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and evaluating the product of the derivative of Eq. 3.4 and Eq. A3.8 in Eq. 3.6 for y = 0, 

the surface DO flux, Js is:  
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Substituting Eq. A3.1 into Eq. A3.10 and Eq. A3.10 into Eq. A3.5 and integrating from 0 

to x, an expression for the ratio of the two boundary layers was derived: 
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Eq. A3.11 can be expressed in terms of x from the expression for (x) given in Eq. A3.3. 

then substituted into Eq A3.10, to arrive at the final expression for kelp surface DO flux: 
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Chapter 4 Photosynthesis increases surface shear 

stress inside algal mats 
 

The filamentous alga Cladophora glomerata is widespread in freshwater 

ecosystems worldwide with a significant presence in human impacted systems that have 

either high incident light or high dissolved nutrient levels (Higgins et al. 2008).  Although 

not a preferred food source itself, Cladophora’s dense filamentous mats can increase 

underwater habitable surface areas for micro-organisms more palatable to grazers, thus 

acting as an important regulator of stream productivity (Marks & Power 2001, Vanden 

Heuvel et al. 2010, Power et al. 2009).  We investigated how micro-scale surface 

characteristics, altered by the presence and type of attached micro-organisms, affect 

surface shear stress, or local skin drag, and thus indirectly, nutrient availability in the 

vicinity of Cladophora filaments.  We demonstrate that surface shear stresses on 

filamentous algae are higher during photosynthesis than when the algae are not actively 

photosynthesizing and that the presence of attached diatom assemblages reduces surface 

shear stress.  We suggest that bubble nucleation within the filament’s boundary layer, due 

to supersaturation of dissolved oxygen, is responsible for increasing surface shear stresses 

by increasing local velocity gradients.  An enhanced local shear stress creates a positive 

feedback loop where the nutrient concentration boundary layer becomes thinner and 

nutrient flux to the filament increases leading to higher photosynthetic rates under mass 
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transfer limited conditions.  Higher photosynthetic rates promote larger oxygen efflux 

and thus generate higher velocity gradients in proximity of the filament.  The proposed 

positive feedback could be an important bio-physical mechanism to overcome diffusion 

limited nutrient supply within dense algal mats, thereby regulating Cladophora survival 

at high cell densities and prolonged duration of algal blooms. 

4.1 Introduction 

Cladophora glomerata is a widespread freshwater filamentous alga found 

throughout temperate regions worldwide (Dodds 1991, Higgins et al. 2008).  It grows 

quickly, sometimes forming dense mats that cause problems such as clogged water 

intakes, foul odors and may harbor fecal pathogens (Dodds and Gudder 1992, Ishii et al. 

2006).  It is tolerant of both eutrophic and high light, oligotrophic conditions (Higgins et 

al. 2008).  As a macroalgae, it obtains all required nutrients from the surrounding water.  

Nutrient availability is dependent on the bulk and near algal nutrient concentrations and 

local water motion (Borchardt 1994). 

Cladophora filaments can host a wide range of attached micro-organisms, such as 

diatoms, bacteria, and microalgae, whose assemblage composition varies with differences 

in water chemistry, light, flow and season, resulting in varied and complex 3-D structure 

around the filament (Lowe 1982, Marks & Power 2001).  By providing structural 

complexity and colonizable surface area, Cladophora mats greatly enhance stream micro-

organism abundance and have been referred to as stream area multipliers (Power et al. 

2009).  Although Cladophora is not thought to be palatable to grazers itself, the micro-

organisms attached to Cladophora are an important food source for grazers and thus 
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Cladophora plays a critical supporting role in stream food web dynamics (Dodds & 

Gudder, 1992).  The primary reported effect of attached micro-organism assemblages on 

submerged aquatic vegetation is increased shading (Dodds 1991) which is detrimental 

when low light availability is limiting growth (Kӧhler et al. 2010, Drake et al. 2003).  In 

addition to physically covering the filament surface, attached micro-organisms increase 

surface roughness, and may change surface wettability properties (i.e. hydrophobicity, 

hydrophilicity) due to different material composition from the host, such as the silica 

diatom frustule (Losic et al. 2009).   

The recent attention focused on flow through submerged macrophytes and 

terrestrial canopies (e.g. Ghisalberti & Nepf 2002, Carollo et al. 2002, Raupach et al. 

1996) is not directly applicable to flow through algal mats.  Algal mats tend to be denser 

than macrophyte canopies with smaller diameter elements.  A few studies have measured 

flow through algal mats, finding an exponential decay in mean velocity with depth 

(Dodds & Biggs 2002) and that flow through algal mats is more analogous to porous 

media flow than to canopy flow (Escartin & Aubrey 1995).   To our knowledge, 

microscale velocity fields near filamentous algae surfaces have not been measured and 

shear velocity or free stream velocity are typically used to estimate diffusion boundary 

layer thickness (e.g. Larned et al. 2004).  In micro-scale studies on highly engineered 

surfaces such as silicon wafers, surface roughness, surface hydrophobicity and a near-

surface gas layer have been shown to change surface shear stresses and slip velocity in 

shear flows (reviewed in Neto et al. 2005).   



 

 67 

4.2 Methods 

We investigated how attached micro-organisms and filament physiological state 

affect surface shear stress and skin drag at the scale most relevant to nutrient uptake and 

gas exchange of microns.  Near-surface velocity fields were measured for a variety of 

individual Cladophora filaments including; filaments with different attached micro-

organism assemblages, live vs. preserved filaments, and light vs. dark exposed filaments.  

Velocity fields near a stainless steel wire were also measured for comparison.  From 

these velocity field measurements, the surface shear stress, τs (kg m-1 s-2) and the drag 

coefficient, CD, were determined for various discharge velocities.   

4.2.1 Field velocity measurements 

Field velocity measurements were conducted on June 23, 2009 within a mat of 

Cladophora in the Eel River (Angelo Range Research Reserve, California, U.S.A.) (Fig. 

4.2A).  Vertical velocity profiles were measured through a large, dense Cladophora mat 

using a side-facing acoustic-Doppler velocimeter (ADV) (Vectrino model, Nortek AS, 

Oslo, Norway).  Velocity was measured at a maximum vertical spacing of 4 cm with 

tighter spacing near the top of the Cladophora mat where a gradient was expected.  A 

velocity profile was taken above the intact mat then, after cutting an opening, a second 

profile was taken through the mat to the sediment-water interface.  This method, 

developed by (Ikeda & Kanazawa 1996), has been used successfully by other researchers 

(Ghisalberti & Nepf 2006, Ghisalberti & Nepf 2002, Plew et al. 2008) and is necessary 

for in-canopy velocity measurements using an ADV in order to avoid interference within 

the measurement volume.  At each vertical location, velocity was measured for 3 minutes 
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at a sampling frequency of 200 Hz, resulting in 36,000 measurements per location.  These 

measurements were used to calculate the time-averaged velocity, U (m s-1) and the 

Reynolds stresses, u′w′ , (m2 s-2) for each measurement location.  The mat height was 

0.25 m and the water depth was 0.45 m.  Attached micro-organism species were 

microscopically identified to be 96% the diatom Cocconeis pediculus. 

4.2.2 Sample preparation 

For the laboratory experiment, a variety of algal filaments was selected to exhibit 

a wide range of roughness characteristics through surface colonization by micro-

organisms.  Filaments classified as “bare” were cultured in a laboratory mesocosm with 

diatom growth minimized by limited silicon supply in the growth media and bacteria 

growth controlled with UV irradiation of the recirculating water.  The filament with a 

bacterial biofilm was a cultured bare filament that was placed in a solution with high 

levels of bacteria.  Bacteria coverage was confirmed visually using a Nikon E400 light 

microscope with a 100x objective.  Filaments with attached diatom assemblages were 

collected from both the field site at ACRR (Fig 4.3A, images b and d) and locally from 

the Mississippi River (Fig 4.3A, image e).  The preserved filament was a cultured, bare 

filament, soaked in 70% ethanol for 16 hours, rinsed, then stored at 4 ºC.  A single 

cultured, bare filament was used for the light-dark experiment.  Filament diameters 

ranged from approximately 80 to 150 µm.  After collection all filaments were stored in 

growth media at 4 ºC for up to 48 hours.  304 stainless steel wire with 127 µm diameter 

was used for comparison.  Care was taken to not touch the wire with bare hands. 
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1.4 cm s-1.  This range was chosen to match the experimental velocity range to the 

velocity range measured within the algal mat in the field.  Seed particles were illuminated 

by a double pulsed Nd:YAG laser (532 nm emission wavelength).  The microscope 

objective was focused at the filament surface at a depth corresponding to the centerline of 

the filament.  Image pairs were captured through an inverted microscope (Nikon Eclipse 

TE2000-S) with a 10X DIC objective lens (Nikon Plan Fluor) using a double frame CCD 

camera (pixel size 6.5 µm, PIVCAM 14-10).  The displacement of each particle was 

determined by cross-correlation mapping of the two consecutive images over (96 pixel x 

96 pixel) interrogation windows covering a total mapped area of 300 m x 450 m.  The 

velocity field was time-averaged across 200 image pairs.  Velocity fields were measured 

for 9 algal filaments and the steel wire at various flow rates resulting in 57 measured 

velocity fields.   

4.2.4 Light-dark experimental setup 

The light-dark experiment was conducted using a three-dimensional (3-D) digital 

holographic system (Sheng et al. 2006) with a low energy, long wavelength laser 

(emission wavelength 632.8 nm).  Similar to the µPIV system described above, velocity 

fields are measured by tracking particle displacement over a known time interval.  In this 

system however, the laser light is split into two paths so that 3-D particle movement can 

be digitally reconstructed using depth information found in the interference fringes. To 

compare these results with results from the 2-D system above, a 20 µm deep slice was 

extracted from the volume data at the centerline of the filament and used to provide near 

surface, 2-D velocity information.  The flow was seeded with a sparse suspension of 2.9 
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µm latex microsphere particles (Thermo Fisher Scientific Inc., Waltham, Massachusetts, 

USA) in ultrapure water.  Effective particle density for the analysis was increased by 

building surrogate images consisting of 30-90 actual images randomly selected and 

overlaid.  Two hundred surrogate pairs were averaged to generate the time-averaged 

surface velocity fields. 

The light-dark experiment was conducted using a single algal filament for both 

sets of measurements.  The channel and pump were identical to that used in the µPIV 

experiments.  After measuring velocity fields near a fresh, photosynthesizing filament, 

the seed solution was pumped out of the channel and replaced with growth media.  For 

the next 48 hours the filament was in total darkness, after which, the channel was again 

filled with seed solution and velocity fields were measured with the laser as the only light 

source.  After the extended exposure to dark conditions, the experimental filament 

appeared brown, however, by exposing it to light until the chlorophyll appeared green (3 

hours), was verified to be alive and photosynthesizing. 

4.2.5 Determination of the velocity gradient 

Surface shear stress, s, was calculated from the slope of the velocity profiles at 

the surface of the filament where: 

0y

s y

U




 
    (4.1)

 

and µ (kg m-1 s-1) is the dynamic viscosity of the fluid.  A spatially averaged velocity 

gradient adjacent to the filament surface was determined by averaging across all 
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individual gradients within the camera’s field of view (FOV) (µPIV: 20 gradients within 

FOV of 0.35 mm x 0.45 mm, holographic PIV: 113 gradients within FOV of 1.4 mm x 

1.4 mm). This was repeated for each flow rate and each filament.  Surface shear stress 

was then used to calculate CD, mathematically defined as: 

2
D

s
D U

8
C





    (4.2)

 

where UD (m s-1) is the discharge velocity.  The fluid physical properties density,  (kg 

m-3) and µ, were obtained for water at 25 ºC. The results were compared across a range of 

flow conditions represented non-dimensionally with Reynolds number, Re where Re is 

defined as: 


hDU

Re 
    (4.3)  

 

and where  (m2 s-1) is the kinematic viscosity and Dh (m) is the hydraulic diameter of the 

channel.  The velocity range used in laboratory experiments was determined from the 

field velocity measurements within Cladophora mats described above.    

4.3 Results 

Time-averaged, stream-wise velocity, U (m s-1), measured within the Cladophora 

mat ranged from 0.008 cm s-1 to 1.00 cm s-1 (Fig. 4.2B); a decrease of over two orders of 

magnitude from the free-stream velocity to the lowest velocity within the mat.  Within 

the same mat, Reynolds stresses, u′w′ (m2 s-2), which can be used to quantify the 
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mat.  An opening was cut into the mat then a second profile (solid circles) was taken through the mat to 

bottom of the river channel.  C.  Measurable Reynolds stresses, u w  (m2 s-2) did not extend into the mat. 

 

In laboratory experiments, two-dimensional velocity fields next to the filament 

surface were measured and time-averaged using microscale particle image velocimetry 

(µPIV) (e.g. Fig. 4.3A).  From the velocity field, the slope of each profile next to the 

filament was determined and averaged to calculate the spatially averaged velocity 

gradient 〈∂U ∂y〉 at the filament surface.  For all filaments, 〈∂U ∂y〉 was larger for non-

photosynthesizing filaments than for filaments that were photosynthesizing (Fig. 4.3B).  
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relationship between the drag coefficient, CD, and the Reynolds number, Re.  Black line represents the 

analytical solution to conservation of momentum for laminar flow in a closed rectangular channel with 

cross section dimensions of 10 mm x 0.6 mm. 

 

All results for live, algal filaments fell above the theoretically predicted line for internal 

laminar flow, indicating that the surface shear stresses were higher at the surface of the 

live filaments than predicted by the analytical solution to flow through a closed 

rectangular channel.  Results from live filaments with bacterial biofilms or with few 

surface micro-organisms collapse onto the line CDRe = 59 (r2 = 0.98, n = 28).  

Measurements near the stainless steel wire resulted in the relationship CDRe = 25 (r2 = 

0.99, n = 5), which agrees well with the theoretically predicted relationship CDRe = 24 

for internal laminar flow between two parallel plates (e.g. Shaughnessy et al. 2005).  This 

agreement indicates that error incurred from the experimental setup was minimal.  

Results for preserved algal filaments, CDRe = 27 (r2 = 0.98, n = 4), were also quite close 

to the analytical solution and to results from the steel wire.  Results for live filaments 

with predominately diatoms on the filament surface fell between the results for live and 

preserved filaments.  A further set of experiments was conducted to compare velocity 

fields for a single filament after extended exposure to either light or dark conditions.  

After 48 hours dark exposure, the filament still showed an enhanced shear stress 

compared to the preserved filament but it was much less than that recorded for the same 

filament under light conditions (Fig. 4.3b).  Under light-exposed conditions, the filament 

behaved the same as all other live, photosynthesizing filaments in the experiment.   
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4.4 Discussion 

Comparisons of results between light-dark and live-preserved filaments indicate 

that photosynthesis increased local surface shear stresses and skin drag for the 

filamentous algae Cladophora at velocities measured within mats in the field.  Based on 

previous work on microscale surfaces, known causes for an increase in surface shear 

stress are; surface roughness, surface hydrophobicity, and surface gas layer (Neto et al. 

2005).  We suggest that the measured increased surface shear stresses were the result of 

bubbles or a gas layer near the filament surface.  Results did not correlate with filament 

roughness.  The observed enhanced surface shear stress would potentially result in higher 

nutrient availability, stimulating photosynthesis, higher contaminant exposure, and higher 

epiphyte immigration rates.    

4.4.1 Nutrient uptake 

Velocity profiles measured within a Cladophora mat (Fig. 4.1) depicted 

exponential decay; similar to previously reported measurements (Escartin & Aubrey 

1995, Dodds & Biggs 2002) (Fig. 4.2).  The surface shear stresses at a photosynthesizing 

algal surface, shown to be over two times greater than predicted from laminar flow 

theory, can be used to estimate nutrient uptake by Cladophora.  The nutrient flux at the 

algal surface, Js, can be described as: 

J D ≅ ∆C   (4.4)  

  

where D is the coefficient of diffusion of the nutrient in water, δc is the concentration 

boundary layer thickness, and ∆C is the difference in nutrient concentration between the 
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bulk, in-mat nutrient concentration and the nutrient concentration at the filament surface.  

From scaling arguments at the edge of the concentration boundary layer (e.g. Steinberger 

& Hondzo 1999): 

c
∗
Sc     (4.5) 

where u* is the shear velocity, and Sc is the Schmidt number where Sc = ν D-1.  The 

constant c1 is empirically derived and typically found to be between 10 and 20 (e.g. 

Steinberger & Hondzo 1999, Levich 1962, Dade 1993).  Shear velocity, u* is defined as: 

u∗ ≡      (4.6) 

This can be expressed in terms of the drag coefficient using Eq. (4.2): 

u∗ U 8C          (4.7) 

Substituting Eq. (4.7) into Eq. (4.4), Js can be expressed in terms of CD: 

J aU Sc ∆C C    (4.8) 

where a 	 √8 c . 

Substituting the expression for CD from Fig. 4.3B into Eq. (4.8) and examining 

the ratio, it is seen that the presence of diatom assemblages would decrease nutrient 

uptake by 25%.  Similarly, nutrient uptake projections based on laminar flow theory (i.e. 

CD = 24 Re-1) would underpredict actual flux by 46%, compared to flux calculations from 

experimentally measured velocity gradients.   
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4.4.2 Bubbles 

The reported increase in drag may be due to the presence of small stable bubbles 

which form due to supersaturated oxygen concentrations in the boundary layer near the 

filament. This phenomenon has been reported for photosynthetic microbial mats where 

stable, oxygen-rich, microscale bubbles formed at oxygen concentrations near the 

biomass of 200 µM (Bosak et al. 2010). For comparison, in field measurements within 

the sampled algal mat, DO concentrations were 300 µmol L-1 at mid-day; well above a 

concentration for which bubble formation would occur.  Based on our laboratory 

measurements, oxygen was released from Cladophora into the water at a rate of 175 

µmol O2 hr-1 (g DW)-1.  At this flux rate, oxygen concentrations in the channel would be 

high enough for bubble formation to occur in little over one hour.  Both oxygen 

supersaturated water and oxygen-rich bubbles would increase the effective viscosity of 

the near-surface fluid (Valukina & Kashinskii 1977; Pal 2007) resulting in a larger drag 

coefficient.   
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available to the filament, physically blocking gas exchange, and excreting mucilage, all 

of which may alter surface wettability.  Previous studies at a mat scale, much larger than 

the scale at which this study was conducted, found that diatom assemblages decreased 

drag (Dodds 1991) and decreased photosynthesis (Sand-Jensen 1977).  To our 

knowledge, no studies have examined both variables simultaneously.  It has been shown 

that diatom assemblages decreased skin drag compared to bare filaments and that 

photosynthesis caused elevated skin drag for bare photosynthesizing filaments.  It is not 

possible to conclude from the results of this study whether diatoms are blocking 

metabolic gas exchange or are blocking incident light.  

4.4.4 Surface roughness 

Surface roughness did not have a measurable effect on surface shear stresses or 

drag in this experiment despite have been reported to change surface shear stresses at 

micro-scales (Harting et al. 2010) and to increase drag forces in macro-scale turbulent 

flows as is classically shown using the friction factor, f, mathematically equivalent to CD, 

in the Moody diagram.  If roughness had been responsible for the observed increase in 

surface shear stress, then the smooth, bare algal filaments (Fig. 4.2A, panel c.) should 

have behaved more like the stainless steel wire than like the filaments with surface 

diatom communities (Fig. 4.2A, panels b, d, e), which are much rougher.  Additionally, if 

roughness had been responsible for increased surface shear stress, the preserved filament 

and dark exposed filaments would have behaved the same as the live, light-exposed 

filaments. 
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4.5 Conclusion  

Through microscale studies at the surface of Cladophora filaments, shear stresses 

and thus drag forces were shown to be two times greater for photosynthesizing filaments 

than for preserved or non-photosynthesizing filaments.  Nutrient uptake estimates based 

on fluid flow theory underpredict flux by nearly 50% compared to calculations done 

using measured velocity gradients in our study.  The presence of diatom epiphytes 

decreased the surface shear stress compared to bare, photosynthesizing filaments, and 

thus decreased nutrient uptake by 25% under our experimental conditions.  This suggests 

that Cladophora and possible other mat forming species, can overcome the physical and 

physiological constraints on nutrient and CO2 uptake imposed by low flow rates through 

dense filament assemblages.  Understanding how mat forming algal species persist could 

provide useful input for population control under nuisance conditions as well as valuable 

insight into ecological dynamics under all conditions.   
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Chapter 5 Epiphytes decrease submerged aquatic 

vegetation uptake of phosphorus in a constructed 

wetland 
 
Submerged aquatic vegetation (SAV) has major effects on the physical and chemical 

environment within its canopy, altering such characteristics as dissolved oxygen 

concentration, pH, temperature, light availability, and water motion.  Due to some of the 

effects of SAV on the local environment, it is an important component of constructed 

wetland design.  SAV leaves and stems typically host epiphyte assemblages which may 

alter SAV productivity by decreasing light and nutrient availability at the plant surface.  

We investigated the effect of epiphytes on water column concentrations of soluble 

reactive phosphorus (SRP) and dissolved oxygen (DO) inside a SAV canopy within an 

urban constructed wetland.  These results show that epiphyte removal increased SAV 

productivity resulting in lower SRP and higher DO throughout the water column.  Under 

controlled laboratory conditions, epiphyte detachment was shown to be a function of 

fluid velocity, which could be manipulated in the field.  These findings could be used to 

better design and operate constructed wetlands through active management of the SAV 

epiphyte accumulation.  
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5.1 Introduction 

Submerged aquatic vegetation (SAV) has major effects on the physical and 

chemical environment within its canopy and in surrounding waters, altering such 

characteristics as dissolved oxygen concentration, pH, temperature, light availability, and 

water motion.  The production of oxygen, a byproduct of photosynthesis, in dense SAV 

canopies, can create diurnal oxygen fluctuations strong enough to support a daytime oxic 

layer and a nighttime anoxic layer with depleted oxygen concentrations at the sediment-

water interface (Carpenter & Lodge 1986).  In dense SAV canopies, total irradiance can 

be reduced by up to 95% in the upper 20 cm of the water column (Pokorny et al. 1984).  

Intense photosynthesis in SAV canopies can change pH and water temperature, creating 

strong vertical gradients in the water column (Carpenter & Lodge 1986).  Vertical 

profiles of time-averaged velocity exhibit a decrease and an inflection point within the 

canopy whereas turbulent intensity has a sharp maximum at the top of the canopy then 

quickly decay to minimal levels (Raupach et al. 1996, Ghisalberti & Nepf 2002).   

With its connection to the sediment through its roots and to the water column 

through its stem and leaves, SAV can access nutrients in both the sediment and the water 

column with the preferred pool determined by relative water and sediment concentrations 

and by plant species (Carignan & Kalff 1982).  Although sediment phosphorus (P) 

concentrations are often an order of magnitude larger than water P concentrations, stem 

and leaf resistance is less and the bioavailable form of P, soluble reactive phosphorus 

(SRP), is readily accessed from the water column (Eugelink 1998, Madsen & 

Cedergreen, 2002).  P uptake by SAV is largely driven by metabolic demand, however, 
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many plants, including E. canadensis, exhibit luxury P uptake and storage (Thiebaut & 

Miller 2003) thus contributing more to P drawdown than would be anticipated from 

productivity rates alone.  At the end of the growing season when plants are senescing, 

SAV releases nutrients back into the water column as well as translocating nutrients to 

the roots for overwinter storage (Wetzel 2001).  Although SAV itself does not represent a 

permanent storage for P, it temporarily dampens the magnitude of P exiting the wetland 

and may enhance P burial, contributing to intermediate storage.   

Due to effects on local environmental conditions, the characteristics and 

functioning of SAV are important aspect of constructed wetland design.  Constructed 

wetlands decrease the flow of P from urban stormwater runoff to lakes and rivers where it 

can lead to eutrophication.  Wetlands capture excess phosphorus by slowing the water 

down, which allows P bound to suspended particles to settle out of the water column, and 

by autotrophic uptake of SRP from the water as it passes through the wetland (Kadlec & 

Wallace 2008, Reddy et al. 1999).  SAV, with the majority of its biomass located in the 

water column, influences water P concentrations by; slowing in-canopy flow, releasing 

DO into the water column, and capturing P from the water column.   

SAV leaves and stems typically host epiphyte assemblages which can consist of 

algae, bacteria, diatoms, and other micro-organisms, as well as attached fine sediments 

that have deposited out of the water column.  Many epiphytes also take up P from the 

water column and both SAV and epiphytes influence local P water concentrations (Pelton 

et al. 1998).  Although epiphytes easily access SRP in the water column, they also release 

it all back to the water column with no long term storage potential and much fast cycling 
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times than SAV (Pelton et al. 1998).  In high nutrient conditions, epiphytic and 

planktonic algae may grow so dense that they cause the collapse of the SAV community 

by outcompeting for light (the alternate stable states) (May 1977, Scheffer 1993). 

Through laboratory studies typically on single leaves, epiphytes have been shown 

to decrease the light available to SAV (Sand-Jensen 1977, Drake et al. 2003, Asaeda et 

al. 2004) although there is disagreement on whether this limits productivity under field 

conditions where turbidity, bank vegetation, and self-shading may have more important 

influences on light availability (Sand-Jensen et al. 2007, Kohler et al. 2010).  We know of 

no studies that have examined SAV responses to epiphyte coverage spatially. It is 

possible that in the high light conditions near the air-water interface, epiphyte shading is 

not enough to suppress photosynthesis and also that near the sediment-water interface, 

light extinction is already so extreme that epiphyte coverage does not further contribute.  

We investigated the effect of SAV epiphytes on the water column concentrations 

of SRP and DO inside a SAV canopy within an urban constructed wetland.  We 

hypothesized that epiphyte removal would allow SAV greater access to light leading to 

higher DO concentrations, thus capturing more SRP from incoming flow and reducing 

SRP flux from the sediment into the water column.  This was measured by taking direct 

DO measurements and precisely located water samples for vertical measurement profiles 

during 4 sample events before and after epiphyte removal.  Through laboratory 

experiments a relationship was developed showing epiphyte detachment as a function of 

flow conditions.  To our knowledge, this is the first study to provide vertical spatial 

resolution of the effect of epiphyte coverage on photosynthetic rates and SRP uptake 
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within an intact, functioning canopy.  With a more mechanistic understanding of the role 

of the SAV epiphyte load on P dynamics, constructed wetlands could be designed to 

optimize P uptake by using flow characteristics to influence epiphyte load.  

 

5.2 Methods 

5.2.1 Site description 

Field experiments were conducted in dense, intact SAV canopies within a single 

cell of the Villa Park constructed wetland (VPCW) in Roseville, MN, USA (Fig. 5.1a).  

VPCW was constructed in 1985 as a best management practice to remove phosphorus 

and suspended sediment from stormwater runoff entering Lake McCarron, and 

ultimately, the Mississippi River (Villa Park Wetland Management Plan, 2009).  VPCW 

is fed by runoff from 753 acres of fully developed, largely residential, urban land 

primarily via storm sewers (Villa Park Wetland Management Plan, 2009).  SAV canopies 

consisted primarily of Elodea canadensis, elodea, and secondarily of Ceratophyllum 

demersum, coontail.  Lemna minor, duckweed, was present but sparse until September 7, 

after which it completely covered the water surface (Fig. 5.1c).  Except for 13 July, SAV 

canopies extended the depth of the water column on all sampling dates.  All SAV 

canopies were located within 20 m from each other (Fig. 5.1a).   
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experiment after which it remained in the same location for the sample date.  DO 

concentration was sampled for 3 minutes at 50 Hz sampling rate resulting in 9000 

measurements per measurement location.  DO sensors were calibrated each morning 

before sampling using a 2-point calibration with air saturated water and a sodium sulfide 

solution.  Water samples were collected from each height in the profile using acid-

washed silicone tubing and a 60 mL syringe mounted on the manual vertical profiler 

described above.  For the treatment mechanism experiment, 3 water samples were drawn 

at a depth of 10 cm below the water surface.  A preliminary draw of water from each 

location was used to rinse the syringe and bottle before sample collection.  Water samples 

were stored in 60 mL, acid-washed Nalgene bottles in a cooler with ice packs until return 

to the lab.   

On each sample date, initial profiles were collected in the undisturbed SAV 

canopy.  Then, epiphytes and attached sediment were removed by gentle mechanical 

agitation of the SAV within an area of approximately 0.5 m diameter directly below the 

measurement probes.  Care was taken to not disturb the sediment or to break the plant 

stems.  Plants were periodically agitated for 30 minutes until there was no visible release 

of material in the surrounding water, and then were left undisturbed for 30 minutes.  

After the 30 minute settling period, another set of vertical profiles were measured at the 

same location.  To verify that the released epiphytes were not suspended in the immediate 

sampling area, water samples were taken before and after agitation, filtered and dried to 

compare suspended material load.  To quantify the effectiveness of the treatment at 
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removing the attached material, plant samples were collected before and after treatment 

for laboratory quantification of the epiphyte removal effectiveness.   

Temperature, T (°C), pH, DO (% saturation), and specific conductivity, SC (mS 

cm-1), were monitored throughout the summer using a calibrated Hydrolab DS5 Water 

Quality Sonde (Hach Corporation, Loveland, CO, USA) placed inside a SAV canopy 

within the sampling area.  The Hydrolab distance from the sediment-water interface was 

increased at each placement in an effort to monitor water chemistry above the anoxic 

zone.  Daily precipitation, average daily air temperature, and solar radiation data were 

obtained online as monitored by the Villa Park weather station  (station KMNROSEV4 

located at N 45 ° 0 ' 4 '', W 93 ° 7 ' 20 '').   

5.2.3 Laboratory analysis 

All water samples were filtered through a GF/F glass-fiber filter with a nominal 

pore size of 0.7 µm (Whatman, Kent, UK) within 4 hours of collection.  A preliminary 

experiment verified that filtering within 6 hours of collection did not affect SRP 

concentrations (1-way ANOVA, P > 0.3, n = 10).  Filtered samples were stored at 4 °C 

for less than 48 hours before chemical analysis.  SRP was analyzed using the molybdate 

colormetric analysis technique with a spectrophotometer on duplicate samples.   

Plant samples were returned to the lab where they were vigorously shaken for 3 

minutes to remove the majority of the epiphytes (Zimba & Hopson 1997). Plant tissue 

and the filtrate from the sample rinse water were dried at 105 °C for 2 days, weighed, 

then ashed in a muffle furnace at 500 °C for 1 hour.  The epiphyte dry weight per plant 
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dry weight, DWepi / DWplant (g g-1), was determined for composites of 5 samples.  The 

percent lost on ignition was also determined and compared. 

5.2.4 Epiphyte removal rates 

To quantify the response of epiphyte removal rates to fluid flow conditions, a 

laboratory experiment was conducted in a closed, recirculating flow cell (2.2 cm 

diameter, 75 cm length).  The flow cell was filled completely with water, and then the 

plant sample was placed into the cell by lowering the collection tube over the flow cell 

tube until the plant was submerged.  This method resulted in minimal addition of water 

from the collection tube to the flow cell as well as minimal disruption of the epiphyte 

coverage.  Since the plant segment was not held in a fixed location, a flow dispersing 

screen was placed behind the plant segment.  For each flow rate, and each plant segment, 

the flow cell was operated for 15 minutes, after which, the plant was removed with 

tweezers and the water was collected and filtered using a GF/F filter.  Flow rates were 

run in a random order.  Fresh water was added as the cell was prepared for the next 

segment.  3 plant segments were run for each flow rate to give a composite result.  After 

completing the 3 segments, the flow cell was run with water only to rinse out any 

material that may have attached to the walls.  The plant segment was immersed in de-

ionized water and shaken vigorously by hand to remove any remaining epiphytes.  This 

water was also collected and filtered.  The plants, the flow cell filtrate and the remaining 

epiphyte filtrate were dried at 105 °C for 2 days then weighed.  All plant samples were 

used within 48 hours of collection from the field site.  In the analysis, epiphyte 
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detachment was related to flow conditions using the Reynolds number, Re, a 

dimensionless ratio of the inertial and viscous forces where: 

Re      (5.1)  

U (m s-1) is the depth-averaged approaching velocity, Leff (m) is the ratio of plant volume 

to frontal area (for E. canadensis, Leff =0.089 cm (Hansen et al. 2011a)), and ν (m2 s-1) is 

the kinematic viscosity. 

5.2.5 Treatment mechanism 

The repeated mechanical agitation of the canopy which was used to remove 

epiphytes also enhanced mixing.  SAV productivity could be stimulated by either 

increased incident light at the plant surface or increased local mixing (Sanford & 

Crawford 2000).  To determine whether improved light or mixing was driving the DO 

and SRP response to the treatment, a separate, 2-day experiment was conducted with two 

SAV canopies, side by side, 1 m apart.  On the first day, water was sampled at a 10 cm 

depth within both canopies.  One DO profile was measured in the undisturbed canopy.  

Both canopies then received the treatment and sampling was repeated.  On the second 

day both canopies had increased light availability, due to epiphyte removal treatment 

from the previous day, but only one canopy had a second treatment immediately before 

sampling.  On the second day, water was again collected at 10 cm depth and DO profiles 

were measured in both canopies before and after the single canopy treatment. 
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Date 
Solar 

radiation Twater pH SC DOH 

  (W m-2) (°C)   
(mS 
cm-1) 

(% 
sat) 

13-Jul 847 22.6 7.1 12.8 42.8 
27-Jul 484 23.9 7.2 73.2 44.6 

16-Aug 712 21.5 7.2 16.6 132.6 
7-Sep 700 15.9 7.5 27.9 70.7 
16-Sep 320 11.4 7.6 32.9 51.0 
17-Sep 197 11.9 7.6 33.5 21.1 

 

Table 5.1.  Physical conditions during wetland sampling events.  Measurements of solar radiation, water 

temperature, pH, specific conductivity and water surface DO concentration.  Reported values are the 

average of measurements taken during the entire sampling event.  Twater, pH and SC were measured at 15 

minute intervals within a nearby SAV canopy.  DOH represents the average of the two surface 

measurements (before and after epiphyte removal) during the sampling event.   

 

For all sample dates, DO (DOH)-1 was lower after the treatment (open symbols) than 

before the treatment (closed symbols) throughout the profiles (Fig 5.4).  For all sample 

events, the sediment-water interface was anoxic prior to treatment and the anoxic region 

extended into the water column (Fig. 5.4, dashed lines).  For all experiments, the anoxic 

water zone disappeared after treatment.    
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5.3.2 SRP concentrations 

SRP concentrations decreased through the water column after epiphyte removal, 

with the largest change seen early in the season (Fig. 5.5a).  Near the sediment-water 

interface, SRP was smaller after epiphyte removal for all 4 sample dates.  Further away 

from the sediment, SRP was significantly lower throughout the profile after epiphyte 

removal on July 13 (Fig. 5.5a).  Data from July 27 (Fig. 5.5b), immediately following a 

precipitation event, fluctuated through the water column with no clear treatment effect.  

SRP concentrations on August 16 were lower after epiphyte removal (Fig. 5.5c).  There 

was no discernible trend on Sept 7, when most measured concentrations were under 20 

µg L-1 (Fig. 5.5d).  Comparing the 4 dates, there was a significant seasonal decline in 

undisturbed SAV canopy water SRP concentrations (Fig. 5.5).  
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epiphytes and the epiphytes remaining after the treatment, approximately 25% of the 

biomass was volatile and 75% was non-volatile (Table 5.2).  The undisturbed epiphyte 

biomass per plant biomass varied between 0.35 to 0.89 g g-1 with no seasonal trend.  

 

Table 5.2.  Treatment removal effect.  Data included is epiphyte coverage in the undisturbed SAV canopy, 

DWepi DWplant
-1  (g g-1), percent epiphytes removed by the treatment, and the percent biomass loss on 

ignition, LOI (g), for plant samples collected before and after treatment.    

 

In the two-day experiment to determine the treatment mechanism, there was no 

significant difference in DO or SRP between the enhanced light canopy and the enhanced 

light + mixing canopy.  DO/DOH was lower prior to epiphyte removal on the first day 

than any profiles from the second day (Fig. 5.6).  One the second day, when only the light 

+ mixing canopy received a second treatment, both canopies had higher DO/DOH in the 

first profile of the day (grey symbols) than in the second profile (open symbols).   

Date

Undisturbed 

DWepi/DWplant 

(g/g)
% epiphytes 

removed

undisturbed 
canopy 
% LOI

post 
treatment 
% LOI

29-Jul 0.89 80 26 31
16-Aug 0.35 72 23 25
16-Sep 0.52 86 29 28
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5.5 Discussion 

The results from this study indicate that epiphytes suppress SAV photosynthesis, 

decreasing overall water DO concentrations and increasing the thickness of the anoxic 

layer above the sediment-water interface.  Early in the season, while SAV growth was 

rapid, epiphyte removal resulted in a measured decrease in SRP concentrations 

throughout much of the water column.  SRP measurements in undisturbed canopies 

decreased through the season so, although SRP concentrations were always lower after 

epiphyte removal the change was more difficult to detect.  Through a laboratory 

experiment we quantified epiphyte removal rates that could be obtained in practice with 

controlled flushing events.  Together, these results show that epiphyte coverage altered 

SAV productivity and subsequent effect on wetland water chemistry, potentially 

decreasing the wetland effectiveness at capturing dissolved phosphorus. 

5.4.1 Dissolved oxygen 

The results show that DO/DOH increased after epiphyte removal throughout the 

water column for all depths and on all sample dates (Fig 5.4), indicating that net 

photosynthesis was greater after epiphyte removal throughout the season; unlike Kohler 

et al. (2010) who reported a seasonal significance only.  Solar radiation was a driving 

environmental variable that was accounted for by normalizing the DO profiles with the 

DO value at the air-water interface, DOH.  Because the treatment was subtractive the 

undisturbed canopy was always sampled earlier in the day when solar radiation tends to 

be lower than the treated canopy.  Some measurements of DOH were above 100 % 

saturation (Table 5.1), indicating that water DO concentrations were strongly influenced 
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by active photosynthetic pumping of oxygen and not just diffusion through the air-water 

interface.  Oxic conditions near the sediment-water interface were established after 

epiphyte removal; a condition that is important for controlling P solubility in both the 

sediment and the suspended particles (e.g. Kalff 2005).   

5.4.2 SRP concentrations 

SRP concentrations decreased after epiphyte removal with the most notable 

changes measured early in the season when plant growth rates tend to be highest (Reddy 

et al. 1999).  SRP concentrations decreased close to the sediment-water interface for all 

sample dates (Fig 5.6).  Late in the season, SRP concentrations in the canopy were low 

enough that changes in the concentration were minimal and within measurement error.  

Based on the large SRP decrease measured 24 hours after treatment in the treatment 

mechanism study, it is probable that the experimental protocol did not capture the full 

impact of epiphyte removal on SRP concentrations within the canopy.  In the 2-day 

experiment, there was a large decrease in SRP after 24 hours in both profiles, although, 

no significant change was captured on the samples taken immediately after treatment 

(Fig. 5.7), consistent with sample profiles (Fig. 5.4).  Differences in solar radiation were 

not accounted for in interpreting the SRP data as no correlation between S and SRP was 

seen.  It is not known if SAV switched partitioning of P source to a greater reliance on 

water column SRP, now that the resistance to shoot uptake had decreased, or if total P 

uptake had increased.  Both changes represent enhanced SAV functioning towards the 

CW goal of reduced P output, whether source is incoming stormwater or SAV root 

mining of sediment P pool. 
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SRP concentrations decreased as the season progressed, reaching a minimum of 

approximately 20 µg L-1 by 7, September (Fig. 5.5).  Although visual observation of the 

SAV indicated that E. canadensis and C. demersum were starting to senesce, water SRP 

concentrations did not rise as was expected.  It is possible that a community shift was 

delaying the seasonal P release.  Two changes in the canopy assemblage were observed 

although not quantified.  First, the epiphytic filamentous algae population within the 

canopy became much more abundant.  Second, the population of L. minor, which had 

been minimal through the season, exploded until it completely covered the water surface 

throughout the wetland (Fig. 5.1c).  The dense water surface coverage by L. minor 

decreased the light available to the submerged plants, accelerating SAV decline and 

possibly causing increased release of SRP from the senescing tissue into the water 

column where L. minor and the filamentous algae could access it (Parr et al. 2002).   

5.4.3 Treatment mechanism 

In the treatment mechanism study, the largest changes in DO and SRP were 

measured after epiphyte removal for both canopies (Figs. 5.6 & 5.7).  There was no 

significant difference in either SRP or DO profiles on the second day after one canopy 

received an additional treatment, indicating that mixing was not the mechanism 

responsible for the measured changes in profiles taken throughout this study.  Based on 

these results, we conclude that increased light availability was the cause of the increased 

DO and decreased SRP after treatment.       
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5.4.4 Effect of flow on epiphyte removal rates 

There appeared to be a minimum velocity threshold below which, epiphytes are 

stably attached to host and above which, the rate of epiphyte removal is flow dependent 

(Fig. 5.8).  After surpassing this threshold, epiphyte removal rates were linear within the 

tested velocity range.  This trend should have a maximum velocity limit that is 

determined by the load carrying capacity of the leaves and stem. This analysis provides a 

solid basis supporting uni-directional flushing events in a constructed wetland to control 

epiphyte load.  Although a similar trend is expected in a system with baseflow, such as a 

stream, the epiphytes would be expected to be more strongly attached and the 

corresponding Re to detach them would also be larger than what was measured from the 

wetland samples.   

Removing epiphytes from a SAV canopy resulted in an increase in DO and a 

decrease in SRP throughout the depth of the canopy with the largest changes seen early in 

the season.  These results show that the impact of a heavy epiphyte load extends 

throughout the depth of the water column with serious implications for P solubility at the 

sediment-water interface.  In a nutrient rich light poor environment such as constructed 

wetlands, the light limitation due to epiphyte coverage decreases SAV photosynthetic 

rates and thus the capacity of SAV to alter P.  The laboratory results showed that 

epiphyte detachment rates were linearly proportional to flow conditions within the tested 

velocity range and provide a mechanistic starting point for management for epiphyte 

removal.  In practice, epiphyte coverage could be controlled through periodic increases in 

baseflow, through increasing grazer populations or through enhanced bioturbation levels.  
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Active epiphyte control could improve the ability of the SAV canopy to meet the 

constructed wetland design objective of removing P from the water column.   
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