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ABSTRACT

The processes of phosphate transport to the thallus
surface of Ulva australis and across the plant membrane have been
studied in conjunction with the changes in its growth rate and
variations in the diffusion boundary layer resistance, which was
manipulated by altering the water velocity relative to the
plants. Further, the growth of U. australis, in conditions where
phosphate was growth limiting, was empirically modelled in an attempt to
provide a predictive means of quantifying the observed results and the
resultant interactions between the different processes studied. The
short term phosphate influx was found to be affected by the rate of
water movement, and could be predicted by the Briggs-Maskell equation
which combined the phosphate transport processes through the diffusion
boundary layer and across the plant membrane. Originally it was
hypothesized that diffusion limitation of H2P04- would control the
overall phosphate transport, but the predicted values underestimated the
observed results. It was concludgd that the simultaneous diffusive flux
of HPO42_ was effectively increasing the concentration of H2PO4— at the
plant's surface, short circuiting the mass transport resistance for
H2P04—. The observed effect of water movement on short term phosphate
influx was predicted to effect the growth rate of U. australis, however,
field collected plants with limited preconditioning did not show a
significant difference in growth rate with changes in water movement. It
was concluded that plants collected from the field were not sufficiently
starved of phosphate to make their growth dependent on phosphate influx,
and further, the growth variation inherent in field collected plants
made it difficult to establish the growth response of plants to water

movement. By preconditioning plants in a more controlled environment and

only selecting plants for experimental use that had approximately



uniform growth rates, it was found that a significant increase in growth
rate was observed between different water movement treatments. A
combination of the Droop growth equation and the Briggs-Maskell equation
approximately predicted the observed results, however, they could not
explain the variation in phosphate uptake which correlated with the
observed changes in the cellular total phosphate concentration. Short
term phosphate influx was found to increase when the cellular total
phosphate concentration decreased, however, phosphate uptake (averaged
phosphate uptake between experimental growth measurement times) varied
in its response to phosphate starvation. The enhancement of phosphate
influx by phosphate starvation could be modelled empirically by either
an exponential model or an un-competitive enzymic model, both based on
the observed concurrent increase in Km and Vm with increasing phosphate
starvation. The results have been discussed in relation to the problems
that occur in trying to empirically derive models for singular processes
without taking into account the interactive effects between different

processes.
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The usual approach in the field of biophysics has been to study one

CHAPTER 1. INTRODUCTION ,5'(

mechanism in relation to metabolism for a relatively "simple" biological
system. This approach has resulted in the elucidation of the mechanics of
metabolism that constitute the life processes of a variety of organisms.
However, it fails to comprehend how the interaction of various physical
and metabolic mechanisms can lead to a modification of the overall
mechanics of the system being studied; for example, by studying the
mechanics of nutrient uptake without reference as to how the growth rate
can influence its kinetics. This approach has often led to broad based
assumptions about the significance these mechanisms have in an ecological
context, which often goes far beyond the experimental conditions under
which the mechanisms were elucidated.

The disadvantages of this approach also apply to the advances in
mathematical analogs of 1living processes through computer modelling.
These analogs require a more detailed understanding of the
inter-relationships between the different metabolic processes, as the
models become more precise, wider in their application and provide a
greater predictive tool in understanding what will occur given a specific
set of conditions.

An understanding of plant nutrition requires a knowledge of the
controlling effect that nutrient transport up to and into the cells has
on the growth rate. Previous research has shown that the rate of
diffusion to the cell's surface through the external solution can limit
the rate of nutrient uptake (Smith and Walker, 1980). The magnitude of
this resistance to nutrient diffusion and its comparative limitation on
nutrient uptake, requires a knowledge of the physical processes external

to the cell which control its rate. Increasing the water or air movement



2.
relative to the plant's surface can decrease the resistance associated
with the diffusion transport, and therefore can exert a controlling
influence on plant growth (for examples see Gavis, 1976; Grace,1977). For
plants growing in water the effect is more pronounced because of the
slower rate of diffusion compared to air (Leyton, 1975) .

By studying in tandem the mechanisms of phoshate diffusion,
phosphate uptake and growth, and also the effect of increasing water
movement on these mechanisms for Ulva australis, it is the aim of this
thesis to determine how these processes interact and what significance
this interaction has to the overall process of plant nutrition. Before
detailing the effects of these processes on plant growth rate, the
mechanical concepts of nutrient diffusion limitation and uptake in series

will be introduced.

1.1 TERMINOLOGY

Water movement can be divided into two components: firstly forced
convection, which results when the fluid is moved by an external
force (e.g. wind, tidal forces, or mechanical disturbance); secondly,
free convection results when the fluid or individual molecules are moved
by variations in density which can occur as a result of a concentration
and or temperature gradient (Tobias, Eisenberg and Wilke, 1952; Leyton,
1975) . For the purposes of this thesis it is assumed that no variations
in temperature occur within the fluid. The consequence of this is that
free convection is then equivalent to the diffusive flux.

The term transport is used here to indicate the movement of
nutrients, reactants or products between any two points.

For convenience and consistency, Levich's (1962) terminology to

describe boundary layers is used.



1.2 THE BOUNDARY LAYER CONCEPT

Anyone who has ever had a bath will be aware of the phenomenon
whereby the water immediately adjacent to your body is cooler than the
surrounding water. However, by mixing the water by moving your body you
can effectively increase the apparent temperature of the water. This
phenomenon of zoning in fluids adjacent to objects can occur for
different processes (e.g. temperature, momentum, concentration) all with
their own physical attributes, and all of different importance as to how
the object perceives and reacts to their presence.

This zone adjacent to the object is termed the boundary layer. For
an overview of the boundary layer phenomenon as it applies to the various
fields of biological science see the reviews by Briggs and Robertson
(1948), Munk and Riley (1952), Levich (1962), Dainty and House (1966),
Engaser and Horvath (1974), Leyton (1975), Gavis (1976), Thomson and
Dietschy (1977), Smith and Walker (1980), Vogel (1981), Barry and Diamond

(1984) and LaBarbera (1984).

1.2.1. DESCRIPTION OF THE HYDRODYNAMIC BOUNDARY LAYER

As any fluid passes over an object there is a zone next to the
object where the fluid's velocity is retarded by the shearing forces
associated with the fluid-object boundary. This zone of reduced velocity
is termed the hydrodynamic boundary layer (H.B.L.), due to its
association with a loss of fluid particle momentum. Outside the H.B.L.
the bulk fluid acts as if it is an ideal fluid passing the object.

At the surface of the fluid-object boundary the fluid velocity is
zero relative to the object, because the fluid particles attain the same
velocity as the object (the no-slip condition associated with continuum
flow). The result of this condition is the development of a velocity

gradient between the object's surface and the bulk flow.
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For the case of a flat plate parallel to the direction of flow
(Figure 1.1), at the leading edge there is a sharp transition between the
bulk-flow velocity and that of the plate's, creating a steep velocity
gradient. As the flow proceeds downstream along both sides of the plate
the shearing force will retard the £fluid particles at the object's
surface and these particles in turn will retard other adjacent particles
further out. Therefore the H.B.L. will grow in thickness on both sides
of the plate in the downstream direction with a consequent reduction in
the steepness of the velocity gradient (Figure 1.1). The H.B.L. will
continue to thicken until its thickness becomes unstable with the result
that the flow develops turbulence. The advent of turbulence reduces the
shearing stress, hence the H.B.L. thickness increases at this point
(Figure 1.1).

From the above description the H.B.L. can exist in either of two
states, namely laminar or turbulent. The development of turbulence
depends on; firstly, the flow characteristics of the bulk solution (that
is, whether it is laminar or turbulent); secondly, the magnitude of the

Reynolds number (1883)

Equ-1.1
where Ub is the velocity of the bulk flow, x is the downstream length
from the leading edge of the plate and Vv is the kinematic viscosity of
fluid. Thirdly, the roughness of the plate can induce turbulence
depending on the height the projections extend into the flow.

The important point about the Reynolds number is that it works out
to be the ratio of inertial and viscous forces, and as a consedquence it
is dimensionless (Vogel, 1981). The onset of turbulence occurs when the
inertial force predominates over the viscous force. When this occurs the
Reynolds number reaches a critical magnitude (Recr). When the bulk flow

turbulence is low and the object's surface is smooth, transition may not
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occur until Recr > 106 to 3 x 106 (Levich, 1962). This in reality is
often not the case, as the bulk flow is always turbulent to some degree
under natural conditions, and the surface rarely smooth. A more workable
condition is when Recr > 1 x 105 (Leyton, 1975; Vogel, 1981).

The next two sections deal quantitatively with the H.B.L. for the

cases when it is either laminar or turbulent.

1.2.1.1. LAMINAR HYDRODYNAMIC BOUNDARY LAYER FOR A FLAT PLATE

Prandtl (1905) in 1904 first postulated the essence of the H.B.L.,
but it was not until 1908 that Blasius (1908), a student of Prandtl's,
obtained a solution for the thickness of a laminar H.B.L. along a flat
plate (assuming a zero pressure gradient).
%

S =5 x Re

Equ-1.
hi qu-1.2

where Ghl represents the thickness of the laminar H.B.L. When by
convention the laminar H.B.L. velocity is 99% that of the bulk flow
velocity (Ub), and x is the downstream length, this solution has been
shown to be valid experimentally, except very near the leading edge

(Levich, 1962).

1.2.1.2. TURBULENT HYDRODYNAMIC BOUNDARY LAYER FOR A FLAT PLATE

The problem with trying to find a relationship that adequately
describes the turbulent H.B.L. is that no expression can as yet fit the
experimentally derived velocity distribution within the turbulent H.B.L.
The reason for this is the flow characteristics of turbulence, and the
modifying influence the boundary between the fluid and the object has on
dampening the scale of turbulence.

To account for this Von Karman (1954) proposed three phases within
the turbulent H.B.L.: (1) the outer turbulent flow which comprises 90% of
the effective thickness of the turbulent H.B.L., (2) a buffer layer in
which the large scale eddies associated with turbulence are damaged, (3)

the laminar sublayer, where according to Von Karman the flow is purely

laminar (Figure 1.2a).
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The overall thickness of the turbulent H.B.L. (Ghtu) over a flat

plate is given by Leyton (1975) and Roberson and Crowe (1980)

-0.20
§ = ° Egqu-1l.
htu 0.376 X1 Re qu-1.3

where xtu is the distance from the beginning of the turbulence.
Leyton (1975) has derived an expression for the thickness of the

laminar sublayer (Gls) based on

Uo = (Tp—l)i Equ-1.4
where Uo is the shear velocity, T is the local shear stress and p is the

density of the fluid. The local shear stress can be expressed as

T = 0.029 p sz re 0- 20 Equ-1.5

Substituting equations 1.4 and 1.5 into the expression for als

8 _iov
1s Uo Equ-1.6
the result is
-0.9
) = - -1.7
1s 58 x Re Equ

The problem with Equation 1.7 is that it applies to the inside of a
pipe which Leyton (1975) thought was a reasonable approximation.
Roberson and Crowe (1980) give an alternative expression for Equation 1.6
for the case of a flat plate

5 = 2
1s Uo Equ-1.8

which is simplified in the same manner, to
8, =29 x re 02 Equ-1.9
Levich (1962) opposes the concept that the laminar sublayer is in
fact laminar. Levich's theory is that the small scale eddies associated
with turbulence extend into the laminar sublayer. To account for this
TLevich (1962) defined a more realistic layer termed the viscous sublayer
(Figure 1.2b). To determine the thickness of the viscous sublayer (§0)

the Reynolds number for the eddies (Re) must be approximately unity

Uo 1 Uobo
1 Y v Equ-1.10

o
©
]
1
in
jay

where 1 is the characteristic length of the eddies.



Therefore

5o = 500
c=ay Equ-1.11

Equation 1.1. is similar to equations 1.8 and 1.6, except for the
proportionality constant a. The value of a,relates to the slope of the
logarithmic velocity profile and was determined experimentally to be
approximately unity (Levich, 1962). However as the external bulk flow
increases in turbulence the value of a increases.

Equation 1.9 then according to Levich (1962) is better expressed as

8o = 5.8 x Reo'9 Equ-1.12

The next section deals with the extent to which the laminar H.B.L.

and viscous sublayer effect molecular movement to the object's surface,

and also the limitations this effect has on a reaction at the object's

surface.

1.2.2. DESCRIPTION OF THE DIFFUSION BOUNDARY LAYER

The foregoing descriptions of the laminar and turbulent H.B.L. has
introduced the concept that next to each object's surface is a zone where
the forced convection is purely laminar in nature. The streamlines
associated with forced convective laminar flow do not cross, and by
definition no molecular transfer occurs normal to the flow direction.

If we generalize to a liquid solution containing a single dissolved
solute flowing over a flat plate, at the surface of which an infinitely
fast heterogeneous reaction is removing the solute from solution.

This results in a concentfation gradient developing normal to the
object's surface and as a consequence a molecular diffusive flux (free
convection) normal to the surface. As shown in Figure 1.1 the velocity
gradient at the 1leading edge is extremely abrupt, consequently the
concentration at this point is essentially that of the bulk solution.

Further downstream the H.B.L. increases in width and the concentration
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gradient becomes less steep (Figure 1.1), resulting in a zone of reduced
concentration within the H.B.L. This zone is called the diffusion
boundary layer (D.B.L.) (Levich, 1962) and ranges in thickness from 5 to
500 um, for well stirred to calm solutions (Dainty, 1963; Dainty and
House, 1966; Sha'afi, Rich, Sidel, Bossert and Solomon, 1967; Everitt,
Redwood and Haydon, 1969; Green and Otori, 1970; Wilson and Dietschy,
1974). Originally this zone was considered to be static with regard to
flow (Nernst, 1904; Barry and Diamond, 1984) which led to the use of the
term "unstirred layer" to describe this phenomenon. In fact laminar
motion has been observed to persist to within 0.625 um (Fage and Townend,
1932) of the surface, well within the D.B.L. This has led to the more
accepted description that flow within the D.B.L. is very slow and laminar
(Dainty, 1963; Smith and Walker, 1980) .

We can simplify this description, by firstly considering molecular
transport by force convection separately from free convection. The rate
of forced convection (molecular transport) parallel and next to the
surface (x direction, Figure 1.3) is insufficient with regard to the
surface reaction. The solute concentration in the forced convection
streamlines next to the object's surface, will be increasingly reduced
downstream from the leading edge. At some point along the surface, if
only this flow process was to occur, the concentration of the solute
would equal zerc. However, if this process is then coupled with the
molecular diffusive flux normal to the surface (Figure 1.3), the solute
will be depleted from streamlines further from the surface. As the flow
proceeds downstream over the plate, the thickness of the depleted zone
will increase as thé two flow mechanisms provide solute for the reaction
at the surface. Equilibriuﬁ will be eventually established over the

plate between the two flow processes with a concentration gradient
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Figure 1.3. A diagrammatic representation of water flow flow close to the surface of a flat plate
within the D.B.L.. The plate is shown as having a reaction at its surface which is
removing solute from the surrounding medium, and the solute is being replaced at the
surface by a combination of the forced convective flux (parallel) and the the
diffusive flux (normal).
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developing in the same for as the H.B.L. The time (t) required for

equilibrium to be established is expressed as

2

t = constant o Equ-1.13

where § is the thickness of the D.B.L., D is the diffusion coefficient,
and the constant varies from 1 (Levich, 1962) to 0.37 (Smulders and
Wright, 1971; Wilson and Dietschy, 1974). The thickness of the D.B.L.
over the flat plate is then determined by the magnitude of the two flow
processes.

Analagous to the Reynolds number for forced convection is the Peclet

number (Pe) for free convection

D Equ-1.14

The ratio of these two dimensionless quantities determines which of
the two flow processes has the most significant effect on the reaction at

the surface. This ratio is called the Schmidt number (Sc)

\'
Re : Pe =F= Sc

Equ-1.15
or sometimes referred to as the Prandtl number(l) (Leyton, 1975).
} . -5 2 -1
When V = D as is the case for air [V = 1.51 x 10 m s at 20°C, D =

1.59 x 10_5 m2 s_1 at 20°C (Leyton, 1975)] the rate of molecular

transport due to forced convection and the diffusive flux are equivalent.
The H.B.L. and D.B.L. coincide in thickness for this case.

However for water the diffusion coefficient is 10,000 times slower
than in air and 1,000 times slower than the kinematic viscosity for
water. Consequently forced convection is far more important for

molecular transport in liquids. That is, even small disturbances due to

Interchanged because of the direct analogy between heat and mass
transfer.
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forced convection are far more effective in transporting solute than the
diffusive flux in liquids. This has the effect of reducing the thickness
of the D.B.L. relative to the H.B.L. or viscous sublayer.

The above description of the D.B.L.'s development depends on certain
assumptions about the boundary conditions at the plate's surface and in
the bulk solution. The next section deals with the quantitative basis of
these boundary conditions. The successive three sections deal with the
physical determinates controlling the thickness of the D.B.L. under

laminar, turbulent or stationary conditions.

1.2.2.1. QUANTITATIVE DESCRIPTION OF THE BOUNDARY CONDITIONS FOR THE

DIFFUSION BOUNDARY LAYER

The concentration in the bulk of the solution (Cb) is considered
homogeneous and is described by the following conditions:

C+Cb as y > ¢ Equ-1.16
or C=Cb as y * Equ-1.17
where C is the concentration y distance from the reaction surface.

The boundary conditions at the reacting surface are more complex,
being determined by either the rate of the reaction or the flux due to
diffusion. To determine the surface boundary conditions, the diffusive
flux across the D.B.L. can be expressed using a combination of Fick's
first law (1855) and Nernst's theory (1904) as

d (Cb - Cs)
)

J E ]
Equ-1.18

where J is the diffusive flux from the bulk concentration (Cb) to the
concentration at the object's surface (Cs). Simplifying Equation 1.18 in
terms of a rate constant,
J = Kt (Cb - Cs) Equ-1.19
D , . -1 .
where Kt (= E) is the mass transfer coefficient (m s ), and its

. . . -1
reciprocal is the mass transfer resistance, Rt (sm ).
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For a heterogeneous chemical reaction at the surface, the rate of
the reaction (Vc) is described by the general reaction low,
ve = ke (Cs)” Equ-1.20
where Kc is the reaction velocity constant for the given physical
conditions and n refers to the order of the chemical reaction.
When equations 1.19 and 1.20 are at a steady state and the chemical
reaction is first order (n = 1) then,
Kt (Cb - Cs) = Kc (Cs) Equ-1.21

solvihg for Cs

Ccs = Kt Cb
= e Equ-1.22
and substituting Equation 1.22 into Equation 1.19
J = Kt (Cb - Kt Cb >
Kc + Kt Equ-1.23
which can be simplified to
I - KtKe Cb
Kt + &2 Equ-1.24
or J = Kapp (Cb) Equ-1.25
| _xtxke
where Kapp -—(ia;:jia;>

is the apparent overall reaction velocity constant.

The importance of this type of expression (Equation 1.25) is that
the three possible rate limiting steps can be distinguished and also the
surface boundary conditions (Bircumshaw and Riddiford, 1952; Levich,
1962; MacFarlane, 1985; MacFarlane and Raven, 1985).

(1) When Kt >> Kc (slow chemical reaction velocity) therefore Kapp 2 Kc,
and the overall reaction rate is determined by the rate of the chemical
reaction. Under this condition %% = 0 at the boundary surface, (that is

the concentration in the entire solution) is constant, therefore

Cs = Cb Equ-1.26
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(2) The converse case when Kc >> Kt then Kapp = Kt and the overall
reaction rate is determined by the diffusive flux to the surface. The
surface boundary condition becomes
Cs =0 Equ-1.27
Tt is under this condition that a fully developed D.B.L. occurs, and the
overall reaction rate depends on the thickness of the D.B.L. which can be
manipulated by the external velocity. The quantitative dependence of §
on the external velocity will be examined in Section 1.2.2.2.
(3) For the intermediate case where Kt = Kc, then neither the
heterogeneous chemical reaction nor the diffusive flux selectively
control the overall rate process. Rather a combined resistance equal to
1/Kapp controls the overall process. The surface boundary condition
becomes
Cb >Cs >0 Equ~-1.28
Under this condition the thickness of the D.B.L. is not only dependent on
the external physical factors but also on the velocity of the chemical
reaction (Levich, 1962).
This type of analysis will be extended later for the case where the

reaction at the surface is of the Michaelis-Menten type (Section 1.3).

1.2.2.2. QUANTITATIVE DESCRIPTION OF THE DIFFUSION BOUNDARY LAYER FOR A

FLAT PLATE

1.2.2.2.1. LAMINAR FLOW
As previously mentioned the D.B.L. is related to the H.B.L. by the

Schmidt number,
-0.33 _ s v -0.33

§ =386 = _
1 hi (sc) hi (D) Equ-1.29
where 51 is the thickness of the laminar D.B.L. Substituting Equation
1.2 $
for hl
. 0.5 ,0.16 . -0.
§. =25 x y0.166 ;0.33 , -0.5 Equ-1.30

1 b
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or in terms of the dimensionless Reynolds and Prandtl numbers,
-0.5 -0.33
c

§. 2 5 x Re S

Equ-1.31
1 qu

Levich (1962) has solved 61 more exactly for the case of a flat plate,
-0.5 _ -0.33
E

§. = 3 x Re S

Equ-1.32
] qu

where the boundary condition at the surface is given by Cs = 0. The
consequence of Equation 1.32, is that for liquids the laminar D.B.L.
thickness is far smaller than the laminar H.B.L. thickness. Further 61
is inversely related to the square root of Ub, so by altering Ub the
diffusive flux can be manipulated. The expression for the diffusive flux
under laminar (Jl) conditions is developed by substituting Equation 1.32

into Equation 1.18 (Cs = 0)

1 0.33 -0.5

J. 2 0.34 x  DCb Sc Re Equ-1.33

1

The average thickness of the laminar D.B.L. § for a flat plate of

1x’
length x is given by 0.5 Glx where 61x is the thickness of the laminar

D.B.L. at a distance x along the plate (MacFarlane, 1985).

1.2.2.2.2. TURBULENT FLOW

The development of +the D.B.L. under turbulent conditions is
dependent on that area within the turbulent H.B.L. that is characterized
by laminar flow. The problem with this is that as mentioned in section
1.2.1.2 there are two differing theories on the extent to which the
turbulent eddies approach the plate's surface. As a result the thickness
of the turbulent D.B.L. (Gtu) varies depending on the theory used.

The first theory states that in the laminar sublayer, turbulent
eddies disappear altogether so that mass transport normal to the surface
is by diffusion only (Table la). The thickness of the turbulent D.B.L.
(Gtu) is then given approximately by

-0.33
v

) 2§ o
£ Ls (D) Equ-1.34



TABLE 1.1a. ' 2

von Karmen (1954) model of turbulent flow

(b)

Value of the . e Mechanism of transfer Law of
Zone Characteristics .
Number normal of the zone concentration
coordinate y of momentum of mass distribution
Developed .
> ¢ Tur T = =
I y htu turbulence urbulent urbulent 1 Cb constagt
Turbulent J y
<y <$§ = —— In —— +
11 GA y htu B Bl Turbulent Turbulent - BV 5 c
o htu
Laminar Molecular Molecular J
I O<y>3$ X ; X : IIT = =
1 y hs sublayer viscosity diffusion A Y

(a) Table adapted from Levich (1962).

(b) Where C_, C__, and CIII

7’ 1 refer to the concentration distribution for their associated zones.
(c) B is a cons{ant (=1). '




TABLE 1.1b.

Levich (1962) model of turbulent flow

Value of the . Mechanism of transfer Law of (b)
Zone Characteristics .
Number of the zone S atalamany
coordinate y of momentum of mass distribution
1 Developed Turbulent Turbulent CI = Cb = constant
turbulence
J y
11 < < 8§ o= +
" vy ht Turbulent Turbulent Turbulent IT BV in 5 Cb
H.B.L. o htu
111 §<y<é Viscous Small scale Small scale 35 3 1
o sublayer turbulent turbulent CIII = - o . =
Y eddies eddies 3Yvo V3 2
v 0<y<?$§ Turbulent Molecular Molecular CIv = % y
D.B.L. viscosity diffusion

(a) Table adapted from Levich (1962).

(b) a. is a constant of integration, B is a constant

2

(*1) and vy is a

constant (=1).
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The second theory by Levich (1962) disagrees with the view that the
turbulent eddies suddenly disappear (Table 1b). Levich's relationship
between Gtu and §o is then given by

B -0.25
Gtu = 60(__.)

D Equ-1.35

Experimental evidence points to the second theory being a more accurate
description of turbulent motion (Levich, 1962; Schlichting, 1968; Cebeci
and Smith, 1974).

Substituting Equation 1.12 into Equation 1.35 we obtain

§. = 5.8 ax Re—o'9 SC_0'25 Equ-1.36
tu
1
Levich (1962) has solved Equation 1.35 for the case of a flat plate( )

(CS = 0),
0.25 -0.9 0.65 0.1
= - E -l 7
Gtu 5.24 a D Ub v X qu=-1.3
and the diffusive flux
3 =0.19 0t b p0:75 y 0-9 g, O Equ-1.38

tu b

where o is a proportionality constant approximately equal to unity.
Using the first theory, Vielstich (1953) obtained the following

solution for &
tu

0.33 0.567 -0. .
5 £ D iy 5] u 0.9 x0 1

tu b Equ-1.39

The difference between the two theories is not great, being only a
difference of 1/12 in the exponent on the Schmidt number. The
. . ] . ] -0.9 0.1 .
implication of Gtu being proportional to Ub and x , 1s that the
thickness of the D.B.L. is considerably reduced by the advent of
turbulence, and changes very little in the downstream direction. A
consequence of this last point is that the diffusive flux decreases very
slowly in the downstream direction. The average thickness of the D.B.L.

1

(1) Equation 1.37 is essentially the same as that used by Wheeler (1980),
except that the latter, taken from Levich (1962), refers to the case for
the inside of a pipe.
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(Stux) (for either Equation 1.37 or 1.39) is given by
§ = 0.9 8 Equ-1.40
where Gtux is the 6tu at a distance x along a flat plate.

The major complication of Equation 1.40 is that it assumes that
turbulence develops at the leading edge. For the case where transition
from laminar to turbulent flow develops downstream from the leading edge,
the average D.B.L. thickness is a combination of the two flow types. To
overcome this a dimensional analysis (Bircumshaw and Riddiford, 1952;

Bird, Stewart and Lightford, 1960; Leyton, 1975; MacFarlane, 1985) can be

used to develop a power function

1-p y -a ,1-9 - (1-p) Equ-1.41

§ = constant D b

tu
The power factors p and q increase with increasing turbulence. The range
for p varies from 0.66 to 0.75, and for q from 0.5 to 0.9 (Levich, 1962;
Leyton, 1975). When the power factors take their minimum values (i.e.
negligible turbulence) Equation 1.41 approximates to that for laminar
flow over a flat plate (Equation 1.32). Alternatively, the use of the
maximum range values (i.e. high degree of turbulence) makes Equation 1.41
similar in form to Equation 1.37. The constant for Equation 1.41 also
varies depending on what theory of turbulence is used in the viscous
sublayer and the degree of turbulence. values for the constant range

from 43 (Leyton, 1975), 33 (Rohsenow and Choi, 1961) to 5.3 (Levich,

1962) .

1.2.2.2.3. FREE CONVECTIVE FLOW
There is one other flow type that can occur, other than forced
laminar or turbulent flow, and that is free convection. This type of

flow is important for mass transport when the solution is "stagnant".

1 . . e .
( )In reality a stagnant solution is very difficult to achieve because of
the likelihood of temperature and or concentration variations.
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It occurs as a result of density gradient developed from variations in
temperature and or concentration within the solution.

To determine the diffusional flow to a flat plate it is necessary to
make the following assumptions: firstly, that a fast reaction 1is
occurring at the surface (Cs = 0); secondly, that the temperature is
constant; and thirdly, that mass transport within the solution is due to
free convection only, which from the previous assumption reduces to the
diffusion flow. This flow then only occurs within the D.B.L. where the
concentration gradient exists. Such that the flow velocity in the x, vy
and z coordinates is =zero at the surface and also at the 1limiting
thickness of the D.B.L. (Ux = Uy = Uz = 0 at y =0 and at y = §, where §
is the thickness of the free convection D.B.L.) One further point is
that under these conditions the D.B.L. coincides with the H.B.L.

Because of the mathematical difficulties associated with determining
the free convectional flow associated with a horizontal flat plate, the
following analysis applies to a vertical flat plate. The effective
thickness of the D.B.L. is then given by Levich (1947), Agar (1949) and

Wilke, Eisenberg and Tobias (1953).

0.25
§ = %
constant ScO'25 g Cb dp REE
U2 Py oC Equ-1.42
which simplifies to (Vetter, 1967),
0.2
s = 1 D ux -
constant g Cb o Equ-1.43

where g is the acceleration due to gravity and a is the density

coefficient (m3 mol_l)
B S 47
Py 3¢ Equ-1.44

expressing the relationship between the change in density {p) and con

concentration (c) to the bulk solution density (p,). Agar (1949)
’p
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calculated o to be 40 x 10_6 m3 mol_1 as typical for salts such as KCl
and indicated that o increased as the molecular weight of the salt
increased. The value of the constant varies from 0.51 (Levich, 1947),
0.525 (Agar, 1949) to 0.677 (Tobias, Eisenberg and Wilke, 1952). As a

0.25

result of 8 being proportional to Cb as the thickness is reduced by

increasing concentration (i.e. increasing diffusive flux).

1.2.2.3. CONCLUSION

The ability to determine the D.B.L. thickness from the external
physical parameters provides an a priori method of measuring the mass
transfer coefficient. It also facilitates the computation of the
diffusive flux for the experimental situation. A drawback is the
dependence for these expressions on the concentration at the surface
being zero. For the situation where neither the surface reaction nor the
diffusive flux rate limits the overall transport process (Cs # 0) then
the D.B.L. thickness is reduced depending on the magnitudes of the two
fluxes. Levich (1962) showed that the laminar D.B.L. thickness under

intermediate kinetics is given approximately by

§ = 2.15 x0.5 D0.33 U0.167 u -0.5

Equ-1.4
1 b qu-1.45

Equation 1.45 effectively reduces the thickness by 2/3 compared to
Equation 1.32.

By altering the external flow velocity it is possible to manipulate
the mass transfer coefficient (Kt) so that the overall transport kinetics
go from being diffusion controlled to reaction controlled.

Finally, because the D.B.L. thickness depends on the diffusion
coefficient of the reacting solute, it is obvious that for different
surface reactions there will be a corresponding D.B.L. for the associated
reactants. Also it is possible that where more than one reaction occurs

at the surface there can be more than one D.B.L. surrounding the object.
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1.3 TRANSPORT KINETICS FOR A DIFFUSIVE FLUX IN SERIES WITH AN ENZYMIC
REACTION
The influx of nutrients into plant cells often equates to that of a
first-order enzymic reaction as described by Michaelis and Menten (1911),
and modified by Briggs and Haldane (1925) to account for the rate of
formation of the enzyme-substrate intermediate. Hence,

Vm Cs

= Km + Cs Equ~1.46

where V is the reaction-velocity, Vm the maximum reaction velocity, and
(1) . , . . (2) _
Km the Michaelis constant (Km is the concentration when V = vm/2).

As previously shown for the case of a heterogeneous reaction at the

. 3
surface (Section 1.2.2.1) an expression for the diffusive flux( ) through

the D.B.L. in series with the Briggs-Haldane equation can be calculated.
Equation 1.19 is rearranged to obtain Cs in terms of Cb

J
Cs = Cb - Xt
Equ-1.47

Substituting Equation 1.47 into Equation 1.46 and rearranging (Vv = J, at

steady state),

V2 -V (Km Kt + Cb Kt + Vm) + Km Kt Cb = 0O Equ-1.48

1

( )Km as described by Briggs and Haldane (1925) is not a simple
equilibrium constant, but has also a kinetic element incorporated which
is referred to in Chapter 6.

(2)No account has been taken of the activity for the concentration of the
reactants in Equation 1.46, which is more accurately expressed as
(MacFarlane, 1985)

Cs vy Cs

=V Xm/yY + Cs

V=Y _—
M Xm + Cs v

where Y is the molal activity coefficient, which by definition is equal
to the activity/molal concentration (Morris, 1968) . For the case of
H2P04 in seawater (T = 25°C) the activity coefficient varies from 0.523
- 0.483, for the following range of total ionic strength, 0.6 - 0.8
kmol m (Whitfield, 1975). For the purpose of this thesis Km will be
expressed in terms of the activity, the assumption being that the

temperature and ionic strength are constant throughout.

(3 . . ) 3

) Equation 1.19 for diffusive flux does not necessarily apply to the
transport of ions as there is no electrical component to account for the
charge on the ions or the membrane potential difference.
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2 .
This is a quadratic equation of the form ax” + bx + ¢ = 0, for which the

general solution is

~-b * b2 - 4 ac

2a

X =

Using this solution, Equation 1.48 becomes

V =0.5 [Km Kt + Cb Kt + Vm —N/(Km Kt + Cb Kt + Vm)2 - 4 Xm Kt Cb]

Equ-1.49
Only the negative root has any physical meaning as the positive root
requires a negative concentration (Maskell, 1928; Hill and wWhittingham,
1955; Lommen, Schwintzer, Yocum and Gates, 1971; Winne, 1973; Pasciak and
Gavis, 1974; Wilson and Dietschy, 1974; Markl, 1977; Thomson and
Dietschy, 1977; Dromgoole, 1978; Wheeler, 1980; Livansky, 1982;
MacFarlane, 1985; Mierle, 1985). MacFarlane (1985) is correct in
attributing Equation 1.49 to Briggs and Maskell, and hereafter it will be
referred to as the Briggs-Maskell equation.

The Briggs-Maskell equation can be used to predict the limitations
of the D.B.L. resistance (Rt) on the experimentally determined uptake
parameter, Km. Because the surface concentration is less than the bulk
solution concentration, in the presence of a D.B.L., the experimentally
determined value of Km will be an over-estimation of the true Km at the
object's surface (Figure 1.4). BAn expression for the apparent Km (Km?*)
is obtained by substituting V = Vm/2 into the Briggs-Maskell equation and
solving for Cb (Pasciak and Gavis, 1974; MacFarlane, 1985; Mierle, 1985)

Vm
2Kt Equ-1.50

Km* = Km +

where Cb = Km* when V = Vm/2. When Km >> Vm/2 Kt (i.e. Kt >> Vm/2Km, Km*
= Km) then the reaction kinetics are controlled by the enzymic reaction,
and the Briggs-Maskell equation reduces to the Briggs-Haldane equation
(Figure 1.4, curve A). This occurs when the resistance to transport
through the D.B.L. (Rt = 1/Kt) is small, and can be brought about by

increasing the water velocity.
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D.B.L. thickness on the true value of Km (Xkm is the apparent
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When Km << VvVm/2Kt (i.e. Kt << Vm/2Km, Km* = vm/2Kt), then the
Briggs-Maskell equation reduces to the linear Equation 1.19 for the
diffusive flux (Figure 1.4, curve E). Therefore as the external
resistance decreases by increasing the water velocity the relationship
between V versus Cb goes from a straight line to a rectangular hyperbole
(Figure 1.4).

Experimentally, Equation 1.50 predicts that the presence of a D.B.L.
resistance can lead to an overestimation of Km for the enzymic reaction
(Winne, 1973; Lieb and Stein, 1974; Thomson, 1979; Smith and Walker,
1980). This problem can be overcome to a degree by measuring the Km
under well stirred conditions; however even rapid stirring does not
completely remove the D.B.L.(l) (Dainty, 1963; Dainty and House, 1966;
Wilson and Dietschy, 1974; MacFarlane and Raven, 1985; Williams and
Kutchai, 1986). Thomson and Dietschy (1977) showed that a plot of Km*
versus Rt is a straight line with the intercept on the abscissa being the
true Km at zero Rt. Thomson and Dietschy (1977) showed three important
results when they altered separately the parameters in the Briggs-Maskell
equation: (1) when Rt is low and the true Km is altered then there is
little difference between Km and Km* over a wide range of Km values.
However, when Rt is high the error associated with Km* is far greater
(830%) when the Km is low (1.0 mol m_3), than the error (166%) when Km is
high (5.0 mol m-3), (2) as Vm is lowered, Km* also decreases and
approaches the true Km, this effect is even more pronounced when Rt is
high, (3) in an experimental situation that causes a change in Km* and
vm, it can be predicted that the change was predominantly due to a change
in Vm. If, on the other hand, Km* is changed but Vm stays constant then
the most probable explanation is a change in Km or Rt.

(1) Nen.: . .

By definition (no slip condition) there must always exist a zone of
fluid adjacent to the surface in which a velocity gradient develops with
a concentration gradient also associated with it.
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Bnother effect associated with the presence of a D.B.L. is its
capability to alter the surface chemical environment which can lead to
the diffusing solute undergoing chemical reactions. Gutknecht and
Tosteson (1973) have shown that this effect is especially important for
the case uptake of weak acids. They found that as the concentration of
CO2 decreases within the D.B.L. there is an increased rate of production
of CO2 from HCO3— and Hch3 to maintain the equilibrium concentration,

effectively "short circuiting" (Walker, Smith and Cathers, 1980) the

diffusion resistance. For CO2 the overall rate of transport is then

dependent on the breaking of covalent bonds (H2CO3’::;CO2 + H20 and HCO3

= co, + OH ) which have relatively slow rate constants (Gutknecht and

2
Tosteson, 1973; Gutknecht, Bisson and Tosteson, 1977; Walker, Smith and
Cathers, 1980). This is further compounded by the pH of the D.B.L.
[which can differ from that of the bulk solution by an order of magnitude
(Walker, Smith and Cathers, 1980)], which can alter the equilibrium
concentration of the reacting solute species.

In conclusion, for a complete understanding of the mechanics of
solute influx through a D.B.L. in series with a membrane, it is necessary
to know firstly the chemical pathway from the bulk solution into the
cell, and secondly the transport rates associated with the D.B.L. and the
membrane. The possibility of the transport resistance within the D.B.L.
being rate limiting to growth or uptake is increased considerably when

the plant is at its metabolic optimum [with respect to factors such as

temperature or light (Wheeler, 1980)1].
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1.4 PREVIOUS RESEARCH ON THE EFFECTS OF WATER MOVEMENT ON THE RATE OF

GROWTH OR UPTAKE FOR AQUATIC PLANTS

Previous research has shown that increasing water movement increases
the rate of growth or uptake in diatoms (Canelli and Fuhs, 1976; Parslow,
Harrison and Thompson, 1985), microalgae and bacteria (Myers, 1944;
McIntire, 1966a,b; Hartman, 1967; Sperling and Grunewald, 1969; Sperling
and Hale, 1973; Falco, Kerr, Barron and Brockway, 1975; Pasciak and
GCavis, 1975; Markl, 1977; Mierle, 1985; Vilenkin and Pertsov, 1985),
freshwater macroalgae (Ruttner, 1926; Whitford, 1960; Whitford and
Schumacher, 1961, 1964; Schumacher and Whitford, 1965; Thirb and
Benson-Evans, 1982; MacFarlane and Raven, 1985), submerged macrophytes
(Darwin and Pertz, 1896; James, 1928; Owens and Maris, 1964; Westlake,
1967; Werner and Weise, 1982; Madsen and Sondergaard, 1983) and marine
macroalgae (Jones, 1959; Matsumoto, 1959; Boalch, 1961; Whitford and Kim,
1966; Conover, 1968; Doty, 197la,b; Wheeler, 1976, 1977, 1980; Dromgoole,
1978; Lapointe and Ryther, 1979; Littler, 1979; Andrake, 1980; Bottom,
1981; Cousens, 1981, 1982; Parker, 1981, 1982; Gerard, 1982a,b; Kain,
1982; Fujita and Goldman, 1985; MacFarlane, 1985) .

The increases in growth or uptake in these plants are attributed to
the decrease in the D.B.L. thickness with increasing water movement. The
results of this previous research have shown some dramatic increases in
uptake or growth rate. For example, Whitford and Schumacher (1964) found
a 16-fold increase in phosphate uptake upon increasing the water movement
(0 - 20 cm s_l) around Oedogonium kurzii. This has led many ecological
researchers to erroneously assume that plants living in higher water
movement environments will have an increased productivity compared to
those habitating calmer waters. The reason for this is that water
movement can have many different effects on a plant's metabolism, form
and life history. This was shown by Jones (1959) on the effect of water

movement on the growth of Gracilaria verrucosa, who found that the most
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important effect of water movement is to orientate the plants' thallus
normal to the incident light. Jones concluded that only the minimal
water movement above stagnant conditions was required to saturate any
increases in growth rate. Gerard and Mann (1979) found that of two
populations of Laminaria longicruris inhabiting different water movement
intensities, the population in the lower water movement environment had
the higher productivity. This is attributed to the morphological
differences necessitated to survival in the high intensity water
movement. In a more recent study, Gerard (1987) concluded that
productivity was similar for Laminaria saccharina inhabiting low and high
mechanical stress (water movement), and that increasing mechanical stress
caused enhanced hydrodynamic streamlining of the thallus.

Therefore, apart from decreasing the thickness of the D.B.L., other
effects which can be attributed to water movement in the marine
environment are:

(1) Morphological streamlining, whereby plants alter their morphology
(form) to reduce drag and therefore increase their persistence within
areas of high water movement (Sundene, 1962, 1964; Norton, 1969; Mann,
1971: Ramus, 1972; Chapman, 1973; Terekhove, 1973; Koehl and Wainwright,
1977; Gerard and Mann, 1979, Mshigeni, 1979; Andrake, 1980; Littler and
Littler, 1980; Santelices, Castilla, Cancino and Schmiede, 1980; Clarke
and Womersley, 1981; Hay, 1981; Kain, 1982; Mshigeni and Magingo, 1982;
Fonseca, Zieman, Thayer and Fisher, 1983; Littler, Littler and Taylor,
1983; Vogel and London, 1985; Gerard, 1987).

(2) Dispersal and settlement - water movement is important in dispersing
the spores of the next generation and in determining the environment in
which successful settlement can occur (Coon, Neushul and Charters, 1972;
Charters, Neushul and Coon, 1973; Norton and Fettler, 1981; Eckman, 1983;

Rees and Jones, 1984).
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(3) Disturbance - the development and timing of clear patches during
periods of extreme water movement is important in sustaining the
integrity of aquatic plant communities (Dayton, 1971; Doty, 1971; Sousa,
1979a,b; Pain and Levin, 1981; Cowen, Agegian and Foster, 1982; Peckol
and Searles, 1983; Dayton, Currie, Gerrodette, Keller, Rosenthal and
VenTresca, 1984; Dethier, 1984; Ebeling, Laur and Rowley, 1985).
(4) Orientation - the concept that water movement can increase light
interception through orientating plants has had very little research
(Jones, 1959; Hanisak, 1987). More work has been done on animals,
especially corals, with regard to drag reduction and light interception
(Riedl, 1971; Chamberlain and Graus, 1975; Graus, Chamberlain and Boker,
1977) .
(5) Predation - the swaying motion of plants by the action of water
movement can have a beneficial effect by physically sweeping away
predators in the plant's vicinity (Velimirov and Griffiths, 1979;
Santelices and Ojeda., 1984).

The relative importance of the effects attributed to water movement
depends also on the scale of the plant; that is, small plants (e.g.
microalgae) experience a completely different environment (low Reynolds
number) from that of larger plants (high Reynolds number, e.g.,
macroalgae) in the same environmental conditions (Allen, 1977; Purcell,
1977; Sourina, 1982). The consequence of a low Reynolds number for
micro-plants is that they are far more susceptible to diffusion
limitations which probably explains the elaborate methods they have
developed to move within the water column (Purcell, 1977). It is
therefore apparent that researchers must be cautious in extrapolating
results from one scale to another.

Another aspect of scale results from the development of the H.B.L.
over the substrate the plant is attached to. Depending on the size of

the plant it can experience relatively little water movement or extreme
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water movement when attached to the same substrate (Neushul, 1972). Also
as the plant develops throughout its 1life history, it will experience
varying water movement velocities in the same environment. Therefore
scale can be used by aquatic plants as a way of avoiding the destructive
potential of water movement, but this can lead to other negative effects
(e.g. diffusional limitations, shading).

These effects attributed to water movement are more physical in
nature than the physiological response to decreased thickness of the
D.B.L. The important point is that the effects are not independent as
they all contribute to the persistence and productivity within the
selected environment.

Little quantitative research has been done on determining the
relationship between transport through the D.B.L. and the rate of growth
or uptake for marine macroalgae. Several workers have found a positive
relationship between increasing water velocity and the rate of growth or
uptake for marine macroalgae (Conover, 1968; Wheeler, 1980; Parker, 1981,
1982; Fujita and Goldman, 1985). This response was shown to saturate
with further increases in water velocity, and in some cases high water
velocities had a negative effect on the rate of growth and uptake
(Parker, 1981, 1982). Parker (1981, 1982) found that the enhancement in
the rate of growth or uptake was achieved at the lowest water velocity
(7.5 cm s—l) used; Hone (1982) concluded that the rate of growth of Ulva
rigida saturated at the minimum water velocity tried (0.85 cm s_l).
Other workers have also concluded that very 1little water movement is
required to overcome any diffusional limitations for macroalgae (Jones,
1959; Wheeler, 1980; Gerard, 1982). Munk and Riley (1952) developed a
theoretical expression to determine the water velocity required to
overcome diffusional limitations. They gave as an example the case of
phosphate uptake (Table 1.2) and found that a water velocity of 37 cm s—1
would be required to overcome any diffusional limitations. As shown in

Table 1.2, any variations in the membrane flux or external concentration



TABLE 1.2. Water velocity required to overcome the effect of diffusion limitations on phosphate uptake, based

on Munk and Riley's (1952) formula.

Munk & Riley's Example Case 1 Case 2
-2 -1
Membrane flux, ¢, nmol m s (a) 32.3 10 10
. . -3 -3 =3 =3
Bulk solution concentration, Cb, mol m 1 x 10 1 x 10 0.5 x 10
-2 -2 -2
Length along plate, 1, m 4 x 10 4 x 10 4 x 10
Constant, Kl, m—2 s-1 (b) 4.5 x 10_10 4.5 x 10-10 4.5 x 10_10
Water velocity, Ub m s_1 (e) 37 3.6 14
. . -1 -2 -10 -1
(a) The units of flux used by Munk and Riley (1952) were g s cm ©, therefore a phosphate flux of 10 X gs
cm—2 = 32.3 nmol m_2 s—l.
(b) K1 = 1.8 Dl'33 U_0'33, took D = 2.5 x 10_9 m2 s_1 for phosphate and v = 1.0 x 10_6 m2 s_l.

(c)

The formula used to determine the water velocity required for the observed flux was determined by Munk and

Riley (1952) as:

2 2
U = (29" 1 _ (23
b Cb21.8 D1.33 U—O.33 cb2 K1
This formula was derived from an equation similar to Equation 1.33 [J = 0.67 Sco'33 Reo'5 D Cb 1_1] and ¢ is

equivalent to Cb - Cs.
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have a large effect on the required velocity (Table 1.2, case 1,2). Munk
and Riley concluded that attached plants must inhabit areas of high water
movement or high concentration of nutrients to overcome the diffusional
limitation.

The water velocities that occur in the marine environment have a
considerable range depending on the locality (Milgram, 1978). Raymont
(1963) found surge and current velocities along the coast to range from 1
to 2 m s_l, Roberts and Suhayda (1983) measured wave velocities and
currents over a reef and found the average flow velocity to be 10-20 cm

. -1
s : while wave surges increased this to 1.8 m s . Wheeler (1981) and

Jackson (1983) have measured water velocities less than 5 cm s = and
frequently less than 1 cm s_l outside kelp beds in Southern Californiaj;
Jackson has further shown that within the kelp beds currents are about a
third those outside. Charters, Neushul and Barilotti (1969) computed
from the results of Jones and Demetropoulos (1968) the maximum surge
velocity of 14 m s_1 which they calculated was equivalent to a wind
velocity of 400 m s_1 (to achieve similar drag forces).

From the description of the D.B.L., its thickness is dependent on
the bulk water velocity and whether the flow is laminar or turbulent. At
low water velocities (0-20 cm s_l) the development of turbulence has a
drastic effect on the thickness of the D.B.L. For Macrocystis pyrifera,
Wheeler (1980) found turbulence to develop at Reynolds numbers of 104 or
less, as did Charters (1940). Other research has found turbulence to
develop for macroalgae at Reynolds numbers less than 103 (Charters and
Anderson, 1980; Wheeler and Neushul, 1981). The development of
turbulence at such low Reynolds numbers is due to the surface roughness
of the plants or the inherent turbulence of the external flow (Levich,
1962; Schlichting, 1968; Wheeler, 1980). Wheeler (1980) has pointed out
that a plant which has diffusional limitations can overcome this to a
degree, by inducing turbulence to occur over its thallus by altering its

morphology.
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1.5 THESIS AIMS.

The aim of this thesis was to study the interaction between water
movement, phosphate uptake and growth of Ulva australis for the
conditions where the concentration of phosphate was limiting to growth.
The main hypothesis was that altering the water velocity relative to
the plant would result in a change in both the phosphate uptake rate and
growth rate as predicted by the D.B.L. theory. The magnitude of the
growth and uptake response to changes in water movement will be related
to the predicted changes in phosphate uptake based on the Briggs-Maskell
equation.

By definition, Rt (1/Kt) as used in the Briggs-Maskell equation,
refers to the transport resistance through the D.B.L. and cell wall in
series (effective Rt). MacFarlane (1985) found for Ulva rigida, that the
cell wall had a negligible effect on the effective Rt for phosphate
transport. Further, MacFarlane found +that the internal phosphate
resistance in parallel with the D.B.L. resistance did not influence the
magnitude of the effective Rt calculated from only the D.B.L. resistance.
This was similar to the result found by Shaw (1960) for iodide uptake by
Laminaria digitata. Therefore it was assumed that the effective
transport resistance was approximated by the D.B.L. resistance.

Particular emphasis was given to the growth status of the plants
prior to the start of the experiments. Growth status refers to the
capacity of Ulva australis to change its growth rate when the growth
conditions are altered. Significantly, variations in the plant's
internal total phosphate concentration will be measured to determine its
interaction with both the rate of growth and phosphate uptake.

Finally, an attempt was made to formulate an empirical model capable
of predicting the interactions between water movements, phosphate uptake,

internal phosphate concentration and growth rate.
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CHAPTER 2. METHODS

2.1.1. PLANT COLLECTION

Ulva australis Areschoug collected from Saint Kilda, South Australia
was used in all experiments. This taxa was selected because: (1) its
geometry resembled that of a flat plate (Figure 2.1; Table 2.1), which
simplified the calculations involving boundary layers, (2) it had been
found previously (Hone, 1982) to be extremely robust for experimental
purposes and to be able to be kept in culture for long periods, and
(3) it is an extremely fast growing alga and there is much previous
research on this genus. For comparison, U. aqustralis is similar in
morphology and physiology to U. rigida, U. Llactuca and U. curvata
(Steffensen, 1976; Rosenberg and Ramus, 1981; MacFarlane, 1985; Hone,
1982) . Previously, in southern Australian waters U. lactuca was used as
the name to describe the three species U. lactuca, U. australis and U.
rigida. Womersley (1984) has distinguished the morphological differences
required to identify each species, though there still exists some
confusion arising from the considerable morphological plasticity that
this taxa exhibits. Also, no attempt has been made to distinguish between
the isomorphic generations of U. australis, as the only apparent
difference is in the number of chromosomes (2N or N).

Because of the need for a large amount of uniformly pre-conditioned
tissue, large amounts of U. australis (up to 50 plants) were collected

~

each time. In the field, plants were selected on the basis of size
(approximately 0.25 mz) and the lack of visible epiphytic fauna and
flora. To keep plants healthy they were transported in plastic bags,
filled with local seawater, and placed in a styrofoam container which was
kept cool with crushed ice, kept separate from the plants.

Immediately on arrival in the laboratory the plants were

individually checked to confirm their taxonomic status and any small



Table 2.1. Thallus and cell dimensions

Size um
Thallus width 74 + 6
Mucilage sheath 4.8 + 0.9
Cell length 28 + 2.5
Cell width 12.5 + 1.1

Figure 2.1. (A) Habit sketch of Ulva australis. (B) Cross-sectional view
of thallus showing cells embedded in mucilaginous sheath. The
region of darker shading within each cell represents the
position of the chloroplast.
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gastropods or crustaceans removed. The plants were also gently brushed by
hand, using the fingertips to dislodge any microscopic organisms and
washed in filtered seawater. It was found that this cleaning procedufe
was very important as it increased the time that it was possible to keep

the plants in a healthy condition in culture.

2.1.2. CULTURE CONDITIONS

The cleaned U. australis plants were placed in 30 litre glass
aquaria filled with filtered seawater (see Section 2.2.2.), and
vigorously bubbled with air. Light was provided by four overhead
fluorescent tubes (120 cm Sylvania F40/GRO-LUX) which gave a 1light

- _1(€9RJ

flux of 50-60 umol m s ~nat the seawater surface, with a 14 hour
light/10 hour dark cycle. The aquaria were kept in a constant temperature
room at 15 * 1°C. By replacing the filtered seawater every week and
allowing only a low biomass of U. australis in each aquarium, it was
possible to keep the plants healthy for up to three months.

For the short term pre-loading uptake experiments, disks of U.
australis were placed in 500 ml of artificial seawater (see Section

2.2.3.) in one litre acid-washed conical flasks, bubbled with air and

kept under the same conditions as the aquaria.

2.1.3. DESCRIPTION OF COLLECTION SITE

Saint Kilda is a sheltered bay (maximum depth two metres) 26 km
north of Adelaide on the eastern shore of the Gulf of Saint Vincent. The
bay is surrounded by mangroves on its northern and southern shores and
the dominant flora in the bay are an association of Heterozostera
tasmanica, Zostera sp. and Ulva australis.

The U. australis plants recruit initially on small shells and stones
but as they grow they break free and become a free-floating entity. The
abundance of U. australis in the bay varies seasonally, peaking in the

summer months where it creates at times a severe pollution problem. One
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of the local reasons given for the prevalence of U. australis in this
location is the existence of the nearby sewage treatment plant's outlet
into the bay. The annual range of total phosphate is 1.3 to 3.9 mmol m—3,
and for total nitrogen 57.1 to 92.8 mmol m—3 (South Australian
Engineering and Water Supply report, 1982). A more likely explanation is
that the life cycle and growth requirements of U, australis are well
adapted to the physical characteristics of the bay. The bay is protected
from all but the most severe storm waves, with a limited fetch in all
directions. The most frequent source of water movement is the daily tidal
action, which at extreme low tides reduces the seawater depth to

approximately 10-20 cm.

2.2.1. SOLUTION PREPARATION

A1l chemicals used in experiments were of a laboratory standard. The
glassware used where the concentration of phosphate was critical, was
acid-washed and triple rinsed in distilled water. The problem with
bacterial contamination of growth chambers requires the use of axenic
culture techniques to maintain clean cultures. Provasoli (1958) found
that the growth of Ulva in axenic cutures produced abnormal morphologies
which could be corrected by adding plant hormones and algal extracts. To
avoid the technical and time difficulties associated with axenic cultures
it was the aim of this study to control the bacterial growth. This was

achieved by rigorous cleaning of equipment and replacing the media daily.

2.2.2. SEAWATER COLLECTION

Seawater was collected from Brighton beach using a battery operated
pump which passed the water through a two stage filtering device
(HatcheF, 1977), the minimum particle size retention was 0.45 um. The
filtered seawater was stored in acid washed 25 litre plastic containers
in the dark, for a minimum of one month before use. The annual chemical

analysis for the seawater from this site is given in Table 2.2.
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TABLE 2.2
Minimum Maximum Mean
Phosphate (mmol m—3) <0.16 1.4 0.67 * 0.28
Salinity (o/o0o0) 35 39 37 * 1.64
Nitrate (mmol m—3) <0.7 120.9 12.8 £ 9.4
carbon (mol m >) 2.0 2.3 2.2 t 0.07
pH 8.1 8.3 8.2 t 0.06
Na (mol m ) 470 530 492 + 24
K (mol m ) 9.4 10.0 9.7 t 0.3

[Phosphate refers to total inorganic phosphate, see Section 3.1. Nitrate
refers to the total inorganic nitrate, obtained from the Engineering and
Water Supply report for the southern coast (1984) . Salinity, carbon, pH,
Na and K were measured using the methods outlined in the sections on
nutrient analysis. Errors are standard deviations.]

Seawater was collected during periods of calm weather to minimize

the concentration of phosphate and nitrogen.

2.2.3. ARTIFICIAL SEAWATER (A.S.W.)
Artificial seawater was made using the method of Findlay, Hope,
Pitman, Smith and Walker (1971). It consisted of glass distilled water

-3 - -3
containing 490 mol m NaCl, 10 mol m ) XCl, 11.5 mol m CaC12, 25 mol

m'-3 MgClz, 25 mol m—3 MgSO 2.5 mol m-3 NaHCO.. The final pH was

4’ 3
buffered wusing 10 mol m-_3 TAPS (Zwitterionic buffer, pKa 8.4 at 25°C)

and 10 kmol m_3 NaOH to give a pH of 8.2, and a ionic strength of 0.7.

All A.S.W. was stored in the dark in sealed 2 litre glass flasks.

2.2.4. GROWTH NUTRIENTS
Hoagland's solution consisted of glass distilled water, macro-

nutrients (5 mol m—3 KNO 5 mol m—3 Ca(NO3), 2 mol m_3 MgSO4, 1 mol m-'3

3’

KCl), micronutrients (46.27 mmol m-3 H_BO 9.15 mmol m_3 MnC12.4H

3 3! o’

2
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=3 -3 =3
0.77 mmol m ZnSO4.7H20, 0.32 mmol m CuSO4.5H20, 0.11 mmol m
3
NaMoO4.2H20), and Fe.E.D.T.A (5mg of Fe/litre or, 89,.5mmol/m”). Where
Hoagland's solution was used, the amount added achieved a final
concentration of 42 mmol m_3 with respect to total nitrogen. This was

based on the results of Waite and Mitchell (1972) and Steffensen (1976)

who found that Ulva lactuca's growth rate was maximium at a nitrogen
concentration of 42 mmol m_3. Phosphate stock solution was made up using
KH2P04 to a concentration of 2 mol m_3. Both solutions were refrigerated
(4°c) and kept in the dark. The use of Hoagland's solution is
appropriate, based on the results of previous research into the nutrient
factors limiting algal growth (Provasoli, McLaughlin and Droop, 1957;
Green, 1977; Oza and Rao, 1977; Dufkova, 1984)., It also reduced the
problem associated with sporulation during growth, probably due to the

lack of vitamins added (Oza and Rao, 1977).

2.2.5. pH
The pH of all solutions was measured using an Activon glass pH

electrode connected to an Orion research digital meter (model 701A4) .

2.2.6. INORGANIC CARBON
Total inorganic carbon was measured using the method of Strickland

and Parsons (1965).

2.2.7. TOTAL SALINITY
Total salinity was calculated by measuring the electrical

conductivity of seawater.
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2.2.8. SODIUM AND POTASSIUM
A flame photometer was used to measure the concentration of sodium
and potassium both in filtered seawater and plant tissue. For plant
tissue the weighed sample was first thoroughly digested in 20 ml of 100

-3 i R s R .
mol m nitric acid (20 minutes), and the decanted solution measured.

2.3. GROWTH MEASUREMENTS

2.3.1 AREA

The area of each disk was determined by placing the disks between
clear plastic sheets divided into numbered squares (for identification).
This was then photocopied on a Minolta copier. Care was taken that only
the central 60% of the photocopier's area was used as distortion occurs
at the periphery of most copiers. This method produced a quick
non-destructive permanent record of the area of each disk. Each disk was
then transfered quickly to an individually labelled glass vial containing
5ml of A.S.W. and kept in the dark until it could be weighed.

The area of each disk was later measured using a Houston instrument
Hipad digitizer connected to a Digital PDP-11 mini computer. The program
allowed for statistical analysis of the areas measured, which were
expressed as cm2 plus or minus 95% confidence limits. To reduce error, it
was necessary prior to measurement of disk areas, to practice with the
digitizer using shapes of known size, until the error between successive

measurements was less than 0.5%.

2.3.2. FRESH AND DRY WEIGHT
Each disk was blotted dry using paper towelling (keeping the method
constant) and weighed on a Mettler AE~163 balance. The disks were then

placed on aluminium foil in 12 cm diameter petri dishes, which were
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divided into sections for disk identification. The petri dishes were
placed in a Labmaster drying oven at 90°C for 48 hours {(time required to
achieve constant weight). The petri dishes were then placed in a
desiccator and subsequently each disk was removed and re-weighed on the
Mettler AE-163. The disks were finally stored in glass vials for future

total phosphate and C.H.N. (carbon, hydrogen and nitrogen) analysis.

2.4. ULVA COMPOSITION

2.4.1. TOTAL PHOSPHATE

A combined modified method was used to determine total phosphate
content of U. australis (Murphy and Riley, 1962; Menzel and Corwin,
1965) .

The area, fresh and dry weight of the U. australis disks were
measured. The dried disks were then transferred to separate 50 ml pyrex
flasks containing 25 ml of distilled water and approximately 1 g of
potassium persulphate (Menzel and Corwin, 1965). All flasks were weighed
(Mettler PC 2200) to monitor liquid loss and then sealed with aluminium
foil and placed randomly in either of two pressure cookers (Namco). Two
flasks containing only distilled water and 1 g of potassium persulphate
were used as reference blanks. Also a duplicated set of standards
containing 1.6, 3.2, 4.8 and 6.4 mmol m—3 phosphate were made up each
time. It was important to determine a standard curve for each run, as
fresh batches of prepared chemicals caused a slight variation between
time periods. The pressure cookers were heated to 15 pounds per square
inch (units as specified on the Namco pressure gauge) for one hour and
then allowed to cool for 20-30 minutes.

After each flask had cooled sufficiently to be handled, 2 drops of
phenolphthalein [1 g phenolphthalein per 100 um—3 ethyl alcohol (90%) and

100 ml distilled water] were added and then titrated with 10 kmol m_3
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NaOH until a stable pale pink colour was achieved. This was then titrated
back to neutral pH (clear colour) by adding a few drops of 4 kmol m_3
HCl. The reason for neutralizing the digested solution was that it
produced a more stable development of the phosphomolybdenum blue complex.
The flasks were then re-weighed and distilled water added to make up the
volume to the initial weight. If the weight was greater than the original
this was taken into account in the final calculations.

Each flask had 4 cm 3 of freshly prepared mixed reagent (Murphy and
Riley, 1962) added and allowed 20 minutes, with gentle shaking, for the
blue colour to develop. The absorption was then measured at 665 nm using
4 cm glass cuvettes (necessary due to the small amount of tissue used).
For the purpose of this thesis, 3 different spectrometers were used as
they became available, each one enabling an improvement in speed and
accuracy. They were, in order of use, the Beckman D.B., the Beckman Acta
CIII, and the Philips PU8800.

The results were expressed as umoles (total phosphate) per disk,
umoles (total phosphate) per g fresh weight and umoles (total phosphate)
per g dry weight.

The inorganic phosphate concentration of seawater (50 cm 3 samples)

was measured using the method of Murphy and Riley (1962).

2.4.2. CHLOROPHYLL

Individual disks were homogenized using a mortar and pestle in
approximately 3-5 c¢m 3 of 80% acetone and approximately 10 mg of acid
washed sand. The acetone extract was then poured into graduated
centrifuge tubes (volume recorded) and centrifuged at 2500-3000 r.p.m.
for 10 minutes. The absorbance was measured at 645 nm and 663 nm using 1
cm glass cuvettes and 80% acetone as the reference. Total chlorophyll was
calculated using the formula of Arnon (1949), and expressed as either mg

total chlorophyll per disk or mg total chlorophyll per g fresh weight.
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2.4.3. CARBON,HYDROGEN AND NITROGEN (C.H.N.)

C.H.N. was measured using a Hewlett-Packard (model 185) Carbon,
Hydrogen and Nitrogen Gas Analyzer. To reduce the errors it was found to
be important to keep all disks and all chemicals used in a desiccator.
Because only a small sample (1-2 mg, Cahn ratio electrobalance) was
necessary for each measurement, it was possible to have replicate
measurements for each disk. Results are expressed as percentages on a dry

weight basis.

2.5. GROWTH EXPERIMENTS

2.5.1. GROWTH CHAMBER

2.5.1.1. INTRODUCTION

One of the problems with previous attempts to measure the growth of
aquatic algae has been the use of systems that inadequately represented
the water movement of the natural environment. Too often air bubbling has
been used to alleviate a lack of water movement. More recently, as the
importance of water movement has unfolded, more emphasis has been placed
on simulating water movement characteristics of the habitat preference of
the plants.

The design (Figure 2.2) adopted here was similar to that of
Matsumoto's (1959) except that instead of the plants being attached to
the arms which rotate around the chambers, the plants were stationary
within the chambers and the water was moved past them. This was achieved
by means of paddles attached to overhead circulating arms. The reason for
the adoption of this design was that the increased biomass per chamber
allowed for increased replication and experimental duration. It also
overcame the difficult hydrodynamic calculations associated with flow

around plant holders if they had been attached to the arms.
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Figure 2.2. An over-head view of the water movement simulator showing the position of the three
containers consisting of two annular chambers. (a) heater-stirrer, (b) cooler coil,
(¢) drainage plug, (d) plastic tube used to direct water flow output from the
heater-stirrer, (e) position of wingnuts used to attach containers to aluminium base
frame, (f) drainage holes in the centre of the containers used to increase water
circulation, (g) over-head rotating arms, (h) aluminium base frame, (i) position of
cog used to drive the chain, which in turn drives the rotating arms, (j) heat shield
and (k) water bath.
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The approach used by Matsumoto (1959) to simulate water movement has
also been used to a similar extent by Parker (1981, 1982). In both cases,
no reference was given to the problem associated with water stirring,
that is, that the water movement experienced by the plant is the
vectorial sum of the arm velocity and the velocity of the stirred water.
The importance of this is only apparent if the results are applied to
boundary layer theory, where as near as possible accurate measurement of
the water velocity is required. To overcome this problem a calibration
method was required that accounted for all possible sources of water
movement surrounding the plant (this will be extended in Section 2.7).

Finally it was important to differentiate between experimental
methodologies of those who have manipulated water movement in an attempt
to increase the productivity of large quantities of alga, and of those
interested in the mechanisms that are involved in this increase, as the

two approaches require different economies of scale.

2.5.1.2. CONSTRUCTION

Three circular containers were constructed out of non toxic P.V.C.,
with a base thickness of 5 mm and a side thickness of 2 mm. The Jjoints
were welded using a hot air gun (Figure 2.2). Each container consisted of
two annular chambers and a central chamber. On opposite sides of each
annular chamber a 1.5 mm stainless steel pipe was set flush with the base
for the purpose of aeration.

The three circular containers were placed within a rectangular
perspex water bath, and secured to an aluminium frame (Figure 2.2). The
temperature within the water bath was kept constant by using a Grant's
cooling coil and a Heidolph heater-stirrer. The homogeneity of the
temperature within the water bath was improved by connecting plastic
tubing to the stirrer outlet and distributing the water throughout the

water bath. The central chamber had three holes (1 cm diameter) drilled
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in it so that it was connected to the water bath, and was further
supplemented by pumped water. This resulted in both annular chambers
being adjacent to the influence of the water bath.

To hold the disks of U. australis stationary within each annular
chamber, U-shaped disk holders were constructed out of P.V.C. (Figure
2.4). Along the top of each arm of the U, holes were drilled through
which fine nylon line was interwoven. At each open end of the disk holder
three stainless steel screws were evenly spaced, bolted and covered with
thin plastic tubing. Disks were held in place on the nylon 1line by
stretching thin rubber bands between the screws, and pushing them down
until the disks were sandwiched between the line and the rubber bands.
This method was used as it combined speed of use with minimum
interference with the disks and also kept the disks parallel to the water
movement. A further reason for using this method was that previous use of
the method (Hone, 1982) whereby disks were propelled along by the arms
found that the vibration associated with this mechanical system altered
the morphology of the disks.

The water movement within the containers was created by overhead
horizontal revolving arms which had vertical paddles (paddle area was
11.5 and 4.83 cm2 for the outer and inner chambers respectively)
suspended in each annular chamber (Figure 2.3). The depth to which the
paddles were suspended was such that they were just below the surface of
the media. These arms were supported on a shaft located on a central pin
within the containers. The arms were rotated by connecting them up via a
chain drive which was turned by 240 volt induction motor with a reduction
gearbox (9.68 r.p.m.). As shown in Figure 2.5 the speed at which the arms
turned could be altered by changing the cog ratios, by either altering
the position of the motor or by changing the cog connected to the drive
cog. The motor was housed within an aluminium heat shield with a 1.5 cm

layer of rockwool insulation between the shield and the water bath.
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Figure 2.3. Cross-sectional view of one growth container. (a) chain
support bar, (b) chain guard, (c) 15 toothed cog,
(d) rotating arm, (e) paddle support rod, (f) paddle,
(g) central support rod and brass pivot screw, (h) air inlet,
(i) inlet pipe for recirculated water from heater-stirrer,

(j) drainage holes connecting the central chamber with
the temperature regulated water bath.



nd rubber band (3)

Figure 2.4. Disk holder showing the nylon lines (2), a
old the disks in

stretched between the screws (1) used to h
position, (A) end view, (B) top view.

5. End view of motor chamber connected to water bath, showing
position of drive cogs and two positions for motor (a).
(A) engine cog = 12 teeth, (B) 48 teeth, (c) 12 teeth,

(D) 10 or 15 teeth.

Figure 2.
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A light bank was constructed out of nine, 40 Watt, 120 cm long
fluorescent tubes (three Sylvania F40/GRO-LUX, three Philips white TL 40
and three NEC 40W Bio-Lux-A) connected parallel to each other with a
further two 40 Watt, 59 cm fluorescent tubes (Philips white TL 40)
attached normally at each end. Aluminium foil was placed behind the tubes
to increase the light intensity projected downwards. This whole structure
was supported by metal legs with castors (to facilitate access) at 40 cm
above the base of the containers.

To avoid possible problems associated with interactions between the
materials used in construction and the plant material, all materials used
were pre-soaked for 48 hours in seawater and then thoroughly cleaned

(Schonbeck and Norton, 1980).

2.5.2. EXPERIMENTAL CONDITIONS

2.5.2.1. TEMPERATURE

The temperature within the chambers was maintained at 15+ 0.5°C by
use of a water bath. The selection of this temperature was used because
Steffensen (1976) and Fortes and Leuning (1980) found that the growth of
Ulva lactuca was maximized at 15 and 16°C respectively and, also because
the temperature of the coastal waters of the Gulf of Saint Vincent

average approximately 15-17°C (Bye, 1976).

2.5.2.2. LIGHT

The light flux necessary to maximize the growth rate of Ulva sp. has
been found to range from 50- 100 pmol mfz s—l {Mohsen, Nasr and Metwalli,
1973; Fortes and Leuning, 1980; Parker, 1981). The light flux measured
just below the water surface (using a Lambda underwater quantum sensor
(.I-1855) and meter (LI-0192)), at the side and centre of each

: : - -1
experimental chamber, varied from 100-120 pmol m ) s .



40.

The light cycle was set at 12 hours light/ 12 hours dark. To
maintain the light intensity achieved it was necessary to replace the

fluorescent tubes regularly, as their output decays with time.

2.5.2.3. AERATION

Reration was supplied using a small aquarium pump with clamps to
control the flow rate. It was found that the aeration supplied was
adequate to maintain dissolved oxygen levels at saturation for the
duration of all experiments. This was measured by placing a 1 cm layer of
liquid paraffin on the seawater surface and measuring the oxygen
concentration using a Clark oxygen electrode coupled to a chart recorder.
It was concluded that the gas exchange from the aeration coupled with the
gas exchange at the seawater surface was more than that required for

plant growth.

2.5.2.4. VOLUME OF MEDIUM

Because of the variation in size of the inner and outer annular
chambers it was necessary to have the volume of medium non-limiting to
the smaller of the chambers bhased on the volume of plant tissue present
[0.3-0.6 g (fresh weight) per litre]l. This was based on a daily schedule
of media replacement and the concentration of the limiting nutrient, in
this case phosphate. The required volume of the outer and inner chambers
were 3.848 and 2.309 litres respectively. This gave a depth of medium in
each chamber of 5 cm. Evaporation was compensated for daily by adding

distilled water to maintain this depth.

2.5.3. EXPERIMENTAL PROCEDURE
Two types of experimental procedure were used to determine the rate

of plant growth.
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2.5.3.1. THE ONE CUT METHOD

In the first type, called the one cut method, disks were cut using a
number seven cork borer (approximately 110 mm2) from preconditioned
U. australis thalli (see Section 2.1.2.). The disks were cut from the
expanding region of the frond, avoiding the area 5 cm from the periphery
and the thicker basal area (Steffensen, 1976). The disks from this region
are uniform in cell size and the problem of sporulation is considerably
reduced.

A large quantity of plants were used for each experiment because of
the large number of disks required (300-400). The rationale for using
many rather than an individual plant, was firstly to incorporate a large
population sample in any one experiment, thereby reducing the variation
in any experiments due to individual plant differences. Secondly, it had
previously been found that a growth period of greater than six days was
needed to obtain significantly different growth rates between treatments
(Hone, 1982). Also, coupled with Hunt's (1982) reasoning, that to observe
any variations in growth rate it was better to measure as frequently as
possible, rather than from one initial and  final measurement, this meant
that a lot of disks were required.

Disks were kept in A.S.W. overnight (within the experimental water
bath) to allow time for any wound response to occur. The next morning
approximately 20 disks were put aside for later measurement of the
experimental parameters, to give the initial growth status of the plants.
Care was taken to handle the disks only with clean stainless steel
tweezers to avoid contamination and bruising of the tissue. The remaining
disks were randomly placed on the plant holders then placed randomly in
any of the experimental chambers until sufficient disks had been added.
This allowed an extra ten percent of disks for any losses occurring

during the course of the experiment.
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Before the experiment started the chambers were acid-washed (see
Section 2.2.1.) and then filled with the appropriate medium. The whole
system was turned on the previous day to allow the system to equilibrate.
During the experiment disks were removed from the appropriate chambers
according to the experimental schedule (usually every two or three days)

and measured using the procedures outlined in Sections 2.3 and 2.4.

2.5.3.2. THE TWO CUT METHOD

The second type of experiment, called the two cut method, developed
out of the observation that there was a large amount of variation within
each treatment for all of the measured parameters. It was concluded that
a lot of this variation was due to the growth status of the plant tissue
at the beginning of the experiment. It was assumed that this occurred
because the pre-conditioning culture conditions were not adequate to
overcome individual plant differences in the time allowed. This was most
probably a result of the lack of growth that occurred during the
pre-conditioning. To overcome this a larger number of disks than required
(400-500) were cut and placed on the plant holders, and placed in the
same sized chambers (equivalent water movement) for a two week
pre-conditioning period . The medium used was filtered seawater which was
monitored and replaced as outlined in the next section.

After two weeks the disks were placed in a large dish filled with
filtered seawater, and divided into two groups. Firstly those that had
increased in size by greater than 100% (using a template), and secondly
those that had grown less than this. This second group of disks was
discarded, as were all disks which had sporulated or been damaged in any
way. The first group of disks, which were to be used in the subsequent
experiment, were re-cut using the number seven cork borer. These re-cut
disks were treated in the same fashion as those used in the one cut

method outlined above.
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2.5.4. EXPERIMENTAL UPKEEP

The medium within the chambers was replaced daily with more of the
same medium, which had been allowed to equilibrate to the experimental
conditions. This was achieved by transferring the disk holders to a dish
filled with their experimental medium, the chamber was then siphoned dry
and wiped clean. The required amount of fresh medium was then added and
the disk holders returned after a quick rinse in A.S.W.. This was
repeated for each chamber. The whole process took less than 15 minutes
and was done first thing in the morning, so as to avoid disturbing the
disks during the light period. At the same time water samples were taken
of the old and new media to monitor inorganic phosphate concentration and

pH (see Sections 2.4.1 and 2.2.5).

2.6. FLOW TANK CONSTRUCTION

The design adopted was similar to one developed by Vogel and
LaBarbera (1978). The flow trough was made out of a molded piece of 1 cm
thick clear perspex (1.4 m long, 16.8 cm wide, 20.0 cm high). The final
cross-section of the test region was 16.8 cm by 16 cm, and was located in
the middle of the flow trough. The liquid volume was 78 litres. The water
flow was created using a small pitch propeller (10 cm diameter, 1 cm
wide) connected to a variable speed electric motor.

Material was held horizontally within the test region by supporting
it on a nylon line rack and securing it with the use of rubber bands. The
rack was held in place using thin stainless steel rods suspended from the

edge of the flow tank.

2.7. CALIBRATION OF WATER MOVEMENT
Two methods were used, firstly a method using dye and secondly by a

zinc dissoluticn method.
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2.7.1 DYE METHOD

The dye was made using a mixture of milk and green vegetable dye
(Merzkirch, 1974), which approximated the density of seawater. It was
injected into the flow in a thin stream, and the time it took to pass
along a marked distance (10 or 5 cm) measured. This method was not

suitable for use in the shaker bath.

2.7.2. ZINC DISSOLUTION METHOD

King and Braverman (1932) found that the rate at which =zinc
dissolves in HCl was linearly related to the fluid velocity of the HCl.
They concluded that this was caused by the reaction at the zinc surface
being limited by the rate of diffusion of the HCl. Using this principle
it is possible to measure the appropriate value of Kt for a particular
water velocity using the relationship Kt = Vt/Cb (see Equation 1.19,
Section 1.2.2.1.), where Vt is the rate of loss of zinc, and Cb is the
concentration of HCl in the bulk solution. This formula assumes that the
concentration of the HCl at the zinc surface is zero, which holds when
diffusion boundary layer limitations occur and the bulk concentration
does not saturate the reaction.

Zinc disks (133 mm2) were punched from zinc foil (380 um thick), and
levelled by compressing between two blocks of wood. The disks were then
gently sanded, etched for 5-10s in 5 kmol m--3 HCl, washed in distilled
water, then in ethanol, and dried. The initial weight was recorded
(measured to 4 significant figures in grams) and the disks placed in
either the growth chambers, shaker bath or flow tank. 10 mol m_3 HC1 and
50 mol m—3 KNO3 were also added (used as a depolarizer since it
eliminates hydrogen evolution and increases the rate of dissolution). The
disks were removed at 10 minute intervals and reweighed. Four replicate
disks were used per time period. To avoid oxidation, disks were kept in

distilled water until used. The technique used for the shaker bath was



TABLE 2.3 Results of zinc calibration of the different flow treatments. . The calculated D.B.L. thickness from the
formulae of Chapter 1 are also given (S.E.)

Growth-1 Growth-2 Growth-3 Growth-4 Growth-5 Shaker~-S Shaker-F
Cog Ratio Inner 9/10 Inner 12/15 Outer 9/10 Outer 12/15 Slow Fast
Engine/top
e Yeligesey 1.31+0.03 2.50+0.04 3.07+0.06 3.3340.07 _(a) (4.33) ‘@
Ub cm s-1 - - - =
Kt x 10 °m s + 0.394 0.855 1.373 1.556 2.593 0.385 3.591
Rt x 10°° s m * 2.54 1.17 0.73 0.64 0.39 2.59 0.28
§ = p/kt P 583 269 (S 168 (¢ 148 (%) go () 597 64
5188 579®) 2178 1578 1420 136E) 579 (&) 120'%)
e (g9)
Stux Lm = 146 82 68 63 - 45

» O. .
(a) The apparent velocity for the shaker treatments can be calculated using Kt = 0.15e 5U’b(r2 = .96) determined from
the growth treatments. The velocity for Shaker-S is less than zero.

(b) The diffusion coefficient of HCl is 2.3 x 10-2 m2s~! at 15°C (see Table 3.1 for determination).
(c) Data was fitted to Equation 1.41 for constant, p and Q. Result was 8§ = 9.19 Ub'o°88 v0.62 p0.27 0.12 (r? = 0.91).
(d) 6lx = 0.5 §1lu which is the average D.B.L. thickness for laminar flow.

X v D -1

(e} Used the equation (1.43) for free convection, 6§ = 2.02 b ca> where a = 40 cm2 mol_l, g =9.8 x 102 cms ~, v = 1.15

X 10_2 cm2 s-l, 2.3 x 10_5 cmzs_l, x = lcm, Ac = 10 x 10 ° mol cm .

(£) 61 = 3 sc 0+33 g0+

(g) Stux = 0.9 §tu, where 8tu = 5.24 D

x (Egquation 1.32) for laminar flow.

Fie= 00'65 xo'1 Ut;o'g, is the average D.B.L. thickness for turbulent flow.
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slightly different as only one side of the disks was exposed to the acid
solution. To reduce the error the downward side was coated in petroleum
jelly to stop any dissolution that could occur.

The value of Kt for each water velocity was calculated using,

Kt (m/s) = ((W/ A.W.)/t)/A)/[HC1] Eqgu-2.1
Equ. 2.1 where W is the change in zinc weight (g), A.W. is the atomic
weight of zinc, t is the elapsed time (s), A is the disk area, either
265.5 or 132.7 umz, and [HCl] is the concentration of HC1l (mol m_3).

This technique was also used to determine the diffusion boundary
layer profile over a flat plate in the flow tank. To do this a clean
sheet of zinc (20 cm long by 10 cm wide) was placed on the holder within
the flow tank. The solution was 20 mol m-—3 HC1 and 50 mol m—3 KNO3, and
the temperature 19°C. The sheet was removed after 6-8 hours, and 4
replicate disks punched at increasing distances from the leading edge,
these disks weighed. The 1long time span was necessary to overcome the
variation in disk size associated with punching out the disks from the
sheet.

The value of Kt determined using this method takes into account any
variations that occur in fluid velocity and character, and as such

represents an average value for the flow situation measured.

2.7.2.1. RESULTS

The rate of zinc dissolution was linear with time as shown in
Figure 2.6. The value of Kt for each flow situation is presented in
Table 2. 3. Also calculated were the effective diffusion boundary layer
(D.B.L.) thicknesses based on the values of Kt or the external
conditions. The thickness of the D.B.L. as measured using the =zinc
technique is an average value for the length of the disk. Therefore the
predictive formulas for calculating the thickness of the D.B.L. need to
be based on average formulae. There is a good agreement between the zinc

and formula D.B.L. thicknesses for all except the Growth-5 and Shaker-F
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treatments. These treatments have a far better fit with the turbulent
formula for D.B.L.. The conclusion, based on the observed devolopment of
turbulence (dye experiment) in Growth-5, is that the D.B.L. is turbulent
for these two treatments. One of the problems with equating the formulae
for the thickness of the D.B.L. and the apparent measured values is that
if turbulence develops at some distance from the leading edge then the

average thickness is a combination of the two predictive formulae.

2.8. MEASURMENT OF SHORT TERM PHOSPHATE INFLUX

2.8.1 TYPES OF EXPERIMENTS
Two major types of experimental methodology were used, which can be

identified on the basis of the apparatus in each.

2.8.1.1, TYPE 1

2.8.1.1.2. APPARATUS

This consisted of a Labmaster shaker bath fitted with a rack capable
of holding 16, 50 ml pyrex flasks. The temperature of the water bath was
kept constant at 15°C by recirculating water from a constant temperature
water bath fitted with a Heidolph heater/stirrer and a Grant cooler. An
overhead light bank consisting of four fluorescent tubes (Philips TL 40
cool white) provided a light intensity of 100—110 umol m—2 s .

All experiments used acid washed glassware. The various phosphate
concentrations were achieved using 2 mol m_3 KH2P04 stock solution added
to A.S.W.. Radioactive super-32P was added to give a concentration of 0.3
uCi m_3, and a final volume of 25 um_3. The final pH of all solutions was
8.2. All solutions were handled using the appropriately calibrated Gilsen
Pipette, and appropriate radiation safety precautions were observed. Once

the solutions had been made up they were placed in the water bath for the

temperature to equilibrate.
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2.8.1.1.3. STANDARD METHOD AND SCHEDULE

The experimental procedure (variations of which are outlined below)
involved placing individual disks in their allotted flasks at staggered
intervals (1 minute). The velocity control of the shaker bath was set to
the same determined two settings for each experiment (slow velocity is
Shaker-s, fast velocity is Sshaker-F). After 10 minutes the disk was
removed, blotted dry and then placed in a separate beaker filled with 50
um—3 of A.S.W. for 5 minutes, occasionally agitating by hand. The reason
was to rinse the labelled phosphate from the free space, SO that the
influx measured truly reflected the amount of label that had crossed the
plasmalemma. Each disk was then blotted dry and placed in an individual
scintillation vial containing 10 um—3 of the standard toluene/detergent/
PPO/POPOP scintillation liquid and 100 nm_3 of 3 kmol m_3 HNO3. The vials
were allowed to stand for 2 hours, as this allowed the disk which had
sunk into the layer of nitric acid at the bottom of the vial to be partly
digested, facilitating the release of the labelled phosphate. The vials
were then shaken to mix the contents, and the labelled phosphate counted
using a Packard Tri-Carb Liquid Scintillation Spectrometer (Model 3330)
for 5 to 10 minutes (depending on the specific activity of the
radioactive solutions).

From each radioactive flask, two replicate 40 ul aliquots were taken
so that specific activities [counts min_1 (mol of phosphate)—ll could be
measured. The results were expressed in a variety of ways, as nmol (of
incorporated phosphate) m—2 (surface area, both sides) s_l, as nmol g-
{(fresh or dry weight of tissue) s_l, or finally as épecific influx us_l
[nmol g—1 s_l nmol g—l(internal phosphate concentration)].

This experimental technique was used for four main variations on the

above theme.
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2.8.1.1.4. PHOSPHATE INFLUX VERSUS TIME

The temperature was set at 15°C. The disks (total tissue area per
disk was 1.72 cm2, number five cork borer) were placed in individual
flasks containing three phosphate concentrations (0.25, 1.0, 10.0
mmo 1 m_3) and removed after 10, 20, 40, or 80 minutes. There were four
replicates per concentration per time period, and the speed selected was

shaker-F.

2.8.1.1.5. PHOSPHATE INFLUX VERSUS PHOSPHATE CONCENTRATION

The temperature was set at 15°C. The amount of labelled phosphate
added was 0.3 uCi um_s, and the shaker bath speed set to shaker-S or
shaker-F. Replicate measurements (n = 3-5) for each concentration were

made.

2.8.1.1.6. GROWTH EXPERIMENTS

Sixteen acid washed flasks were prepared for each experimental
growth treatment, which allowed for 8 ©phosphate concentrations
(0.25, 0.5, 1, 2, 3, 5, 10, 20 mmol m_3) replicated twice. The equivalent
number of beakers were prepared for the final rinse, and all solutions
kept at 15°C. All growth influx experiments started at 0900 hours with
the random removal of 16 disks from each experimental treatment (from the
growth chambers). Their area and fresh weight was recorded and then each
disk was divided in half using a circular template. One half was put
aside for measurement of dry weight and internal total phosphate content.
The remaining half of each disk was kept in an individual vial containing
A.S.W., and then used to determine phosphate influx. The reasoning behind
this technique was that influx for each disk could be associated with its
internal phosphate content.

The phosphate influx was then determined for the various
concentrations using the standard method outlined above, with the speed

set to shaker-F. This speed was appropriate as it was shown (Chapter 3)
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that it overcame any diffusional limitations, therefore the measured
influx was a reflection of the influx kinetics at the plasmalemna

surface.

2.8.1.1.7. PHOSPHATE LOADING

Disks (number 7 cork borer, two times area = 2.24 cm2) were placed
in 500 cm 2 beakers of A.S.W. with known concentrations of KH2PO4 (o, 5,
10, 20 mmol m_3). They were placed in a shaker bath kept at 15°C, light
intensity 40 umol m_2 s-l, bubbled with air and shaken prior to the
experiment starting. The disks were left for various time periods to take
up non-labelled phosphate prior to the experiment starting, and during
the experiment. At increasing loading times, four replicate disks were
removed and divided in half, and their 32P influx measured at a single
phosphate concentration using the standard method (temperature of shaker

bath was 15°C, shaker speed was shaker-F).
2.8.1.2. TYPE 2

2.8.1.2.1. FLOW TANK

The flow tank contained 78 1litres of filtered seawater to which
radiocactive 32P phospate (67 uCi m—3) was added to give a phosphate
concentration of 0.29 mmol m_3. Temperature was constant at 19 + 1°C,
light intensity 40 umol m—2 s-l, pH 8.2 * 0.07, and water velocity
varied. The experimental technique required placing rectangular sheets of
U. australis on a nylon line rack parallel to the flow and normal to the
irradiance. The sheet was removed after 2 hours and approximately 7
replicate disks (number 7 cork borer) cut from measured distances (every
2 cm) from the leading edge. The disks were washed for 5 minutes and then
placed in scintillation vials and counted using the technique previously
explained . Results for phosphate influx were either expressed as yumol

-2 -1 -1 -
m S or umol g (fresh weight) s l.
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2.9. DATA PRESENTATION AND ANALYSIS

A1l results are expressed as the mean plus or minus the 95%
confidence levels, except where otherwise stated. For growth analysis the
programs of Parsons and Hunt (1981) and Hunt (1982) have been used to
curve fit the data, calculate the confidence 1levels, and the relative
growth rates (R.G.R.). The R.G.R. has also been calculated from the raw
data, using the relationship

R.G.R. = ln(W2/W1) (t2 - t1) "
Equ. 2.1 where W1 and W2 are the dry weights at times tl and t2
respectively (note natural logarithms). The units of R.G.R. are expressed
as day—1 (g g- day_l). The term specific growth rate is often used in
the literature, and is equivalent to 100 times the R.G.R..

The data from the influx experiments were analysed using the
FORTRAN-4 program INFLUX-P.FOR, which took into account the isotopic
decay of 32P.

The values of Vm and Km were obtained using the Basic-M program
NONLIN.BAS (Duggleby, 1981), which uses a least squares method of
calculation to obtain the parameters from the Briggs-Haldane equation
(Equation 46). The determination of the constant values (Vm, Km, and Kt)
was achieved using a FORTRAN-4 program developed by N. A. Walker
(FVKUP.FOR) . This was based on the subroutine written by M. Bell using
the pattern-search method of Hookes and Jeeves (1961) and described in
Colquhoun (1971). This pattern-search method was further adapted to fit
the appropriate values in other equations used by the author. All
programs were run on a Kaypro-4 micro-computer.

Where possible the problems associated with pseudo-replication, as
described by Hurlbert (1984), have been avoided. In the case of the

growth chambers a compromise had to be reached between false replication

and the logistics of creating a suitable system.
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CHAPTER 3. THE EFFECT OF WATER MOVEMENT ON SHORT TERM

PHOSPHATE INFLUX.

3.1 INTRODUCTION

Phosphorus plays a crucial role in plant metabolism, especially
with regard to energy transfer. The plant's phosphorus status is
therefore closely linked to the phenomena of growth, development and
reproduction (Kuhl, 1974). When the plant's internal phosphorus content
declines to below a critical level then the plant is said to be
phosphorus limited. The concept of a limiting nutrient is based on
Liebig's Law, that the rate of growth depends on the nutrient in least
supply (Droop, 1973). Under this condition the rate of metabolism is
directly related to the equilibrium between the external phosphorus
content and the internal phosphorus status. The concentration of
inorganic phosphorus in seawater often limits the growth of algae
(Kuwabara and North, 1980; Birch, Gordbn and McComb, 1981; Myers and
Iverson, 1981; Raven, 1981; Manley and North, 1984; Smith, 1984;
Lapointe, 1985, 1986, 1987; Lapointe and Hanisak, 1985). The
concentration of inorganic phosphorus in most coastal surface waters
ranges from unmeasurabe to 2 mmol m_3 with the majority of waters less
than 1 mmol m_3 (Cooper, 1937; Smith, 1984) . Therefore it is of interest
to know what resistances are associated with the various steps in the
pathway from the external phosphorus concentration to internally
available phosphorus, and the overall kinetics of the process.

Phosphorus in seawater can exist in one of four states: (1)
incorporated into living systems, (2) particulate phosphorus (pP), (3)
dissolved organic phosphorus (DOP), (4) dissolved inorganic phosphorus
(DIP) (Strickland and Parsons, 1965). Excluding the living systems, PP
is the most abundant form (60-70%), then either DOP or DIP depending on
the biomass of the flora present (Valiela, 1984). Within the marine

environment DIP is the form of phosphorus which is utilized by algae

(Raven, 1980).
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Inorganic phosphorus exists in the aquatic environment almost
always as orthophosphates (abbreviated to phosphate, Stumm and Morgan,
1970), which includes phosphoric acid (H3PO4) and the products of its

dissociation (H2PO4_, HPO42_, PO43_; Table 3.1), all of which can form

various complexes with other compounds present 1in the seawater
(Kuwabara, Davis and Chang, 1986). This is of considerable importance

as H2P04— binds with CaCO3 (Hanisak, 1987) decreasing the available

phosphate for plant metabolism. In seawater with a pH of 8.2, the
2-
percentages of phosphate species are 86.1%, 13.3% and 0.6% for HPO4 ,

PO43_ and H2PO4_ respectively, while H3PO4 virtually does not exist

(Figure 3.1).
The question of which species of phosphate is taken up by plants

is not easily resolved. Energetically it is far cheaper for the plant

2- . .
to take up H2PO4 over HPO4 , because of the single negative charge

opposed by the electrical potential difference of the cell (see Section

3.2.4.). However the former is two orders of magnitude lower in

. ) . 2-
concentration. Ecological reasoning would suggest then that HPO4

could be of more importance. The majority of experimental evidence

points to H2PO4_ being the species taken up (see Bieleski, 1973) though

. . 2- ,
there is some evidence for the uptake of HPO in higher plants (Hagen

4

and Hopkins, 1955). Experimental variation of the external pH provides
inconclusive evidence. For higher plants the optima ranges from pH 4 to

pH 6 ([H2PO4 ] 95%, Hagen and Hopkins, 1955; Dunlop and Bowling,

1978; Sentenac and Grignon, 1985). In the aquatic environment, for most
algae the optimum exists between pH 7 and pH 9 ([H2P04-] 1%,
Ullrich-Eberius and Yingchol, 1974; MacFarlane, 1985). This conflicts

with the downward shift in the pH optima for each phosphate species

compared to weak buffered solutions (Sober, 1968).



TABL

E 3.1. Physical attributes of phos hate(l) and the diffusion coefficient

of hydrogen (in seawater 35 /oo).

PARAMETER VALUE (°C) REFERENCE

DISSOCIATION CONSTANTS

pK' of PHOSPHORIC 1.54(25) Millero (1983)

al ACID 1.61(25) Kester and Pytkowicz (1967)
1.53(15)
1.62(25) Dickson and Riley (1979)
1.60(15)

pK/_ of PHOSPHORIC 5.90(25) Millero (1983)

- ACID 6.06(25) Kester and Pytkowicz (1967)
6.13(15)
5.94(25) Dickson and Riley (1979)
6.03(15)
6.03(15) Johansson and Wedborg (1979)

px’3 of PHOSPHORIC 8.63(25) Millero (1983)

a ACID 8.56(25) Kester and Pytkowicz (1967)
9.08(15)
8.93(25) Dickson and Riley (1979)
9.08(15)
9.19(15) Johansson and Wedborg (1979)

DIFFUSIONZCOEEFICIENTS -10 »

_H2P04 m s 8.27x10_1o(25) Krom and Berner (1980)
6.56x10_10(15) (at infinite dilution)
6.88x10_10(25)(2yacFarlane (1986)
4.75x10 (15)

HPO42- m2 s-1 7.50x10:ig(25) Krom and Berner (1980)
5.74x10_10(15) (at infinite dilution)
1.73x10_10(25)(zyacFarlane (1986)
1.57x10 (15)

p043' me g 4.75x10 % (15) L1 and Gregory (1974)

-10 (2§at infinite dilution)
-2.06x10 (15)

HCl m? st 2.30x107° (15) (2

Y m? st 7.94x10"° (15) ¢

ACTIVITY COEFFICIENTS

HPO,” ,_ 0.502(25) Whitfield (1975)

HPO,“" 0.115(25)
P04‘ 0.012(25)

(1)

The equi%ibrigmvreactignkof phosphoris_qfid i§
H3P0—k'——‘H +H2P04\_——‘_—‘H +HPO4¢_K1_ H + PO

where ﬁl to k represent the reaction rate constants and are very rapid, being

only limited gy the rate of diffusion in seawater.

These diffusion coefficients were calculated by multiplying the diffusion

coefficient (at 15 °C and 35 p/oo ionic strength) at infinite dilutien (Li and

Gregrory, 1974) by the activity_factor (Whisgield, 1975). Ege calculated

agtivity factors were; H PO4 = 0.720, HPO4 = 0.276, PO4 = -0.435,

H' = 1.018 and HCl = 0.881.

3-




Percentage X 100

Figur

5 7 9 11 13
pH

e 3.1. Changes in the percentage of the different phosphate species
with increasing pH, calculated from the dissociation constants
given in Table 3.1.
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The evidence for active influx of phosphate via a membrane porter
comes from Smith (1966) using Nitella, Blum (1966) using Euglena, Kylin
(1966) using Scenedesmus, Raven (1974a,b) using Hydrodictyon, Falkner,
Horner and Simonis, (1980) wusing Anacystis, Manley (1985) wusing
Macrocystis and MacFarlane (1985) using Ulvg. The kinetics of phosphate
influx can be more complicated than that represented by a single
porter. There 1is considerable evidence that two (Laties, 1969;
Ullrich-Eberius, 1973; Vange, Holmern and Nissen, 1974; Lehman, Botkin
and Likens, 1975; Beevers and Burns, 1980) or more (Nandi, Pant and
Nissen, 1987) uptake systems are present, each exibiting varying values
in Km and Vm. For marine plants the high affinity system is of the most
ecological importance considering the lack of phosphate in marine
waters. At eﬁtreme phosphate concentrations there is evidence that
active influx is supplemented by diffusion (Schjorring and Jensen,
1984b) . Efflux has been found to be negligible in comparisons between
influx and net uptake when the external phosphate concentration is low
(Perry, 1976; Schjorring and Jensen, 1984a). Schjorring and Jensen
(1984a) found efflux increased when the internal concentration of
phosphate increased.

It is generally assumed that influx includes co-transport, but the
identity of the cotransport species is in doubt (excluding the
possibilty of a uniport). Most evidence points to either H+ (Bowling
and Dunlop, 1978; Beevers and Burns, 1980; Ullrich-Eberius, Novacky,
Fisher and Luttge, 1981;) for higher plants, or Na+ {(Kylin, 1964;
Ullrich-Eberius and Simonis, 1970a,b; Raven and Smith, 1980) for algae,
being co-transported.

A decreasing resistance to the diffusion boundary layer as
manipulated by increasing water movement, has been shown to increase
the uptake of a considerable range of nutrients (Table 3.2). The

majority of this research has not related the data in any quantitative



TABLE 3.2. Previous resear

(yes indicates an increase in nutrient upt

ch on the effect of waterxr movement on nutrient uptake.
ake with increasing water

movement)
Does
Species Nutrient water velocity Reference
effect uptake

Ulva rigida Phosphate weak MacFarlane 1985

Lolium perenne Phosphate yes Breeze 1984

Synechoccus leopoliensis  Phosphate yes Mierle 1985

Oedogonium Phosphate yes Schumacher et al. 1965
Eunotia Phosphate yes Schumacher et al. 1965
Tribonenia Phosphate yes Schumacher et al. 1965
Vaucheria Phosphate yes Schumacher et al. 1965
Batrachospermum Phosphate yes Schumacher et al. 1965
Andouinella Phosphate yes Schumacher et al. 1965
Thermophilic algae Phosphate yes Sperling et al. 1969
Oedogonium kurzit Phosphate yes Whitford et al. 1964
Spirogyra Phosphate yes Whitford et al. 1964
Oedogonium Phosphate yes Whitford et  al. 1982
Thalossiosira Phosphate yes Ccanelli and Fuhs 1976
Macrocystitis pyrifera NO. yes Gerard, 1982

Ditylum brightwellii NO>~ yes Pasciak and Gavis 1975
Ditylum brightwellit NO>~ yes Pasciak and Gavis 1975
Mastigocladus laminosus neB.” yes Sperling and Hale 1973
Lemanea HCOS yes Thirb et al. 1982

Ulva HCOS ™ yes Beer and Eshel 1983
Fontinalis HCOS yes James 1928

Fontinalis co.> no James 1928
Chlamydomonas reinhardtiti co? no Lehman 1978

Chlorella coé yes Livansky 1982

Kelp co yes Wheeler 1976
Callitriche stagnalis co? yes Madsen et al. 1983
Chara | Nitella NH2+ yes Walker et al. 1979
Ulva lactuca NH4+ yes Parker 1981

Gracilaria tikvahiae Nt yes Parker 1982

Macrocystis pyrifera 0.4 yes Wheeler 1980

Ulva Méthylamine yes MacFarlane 1985
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way to the variations in external boundary resistance. Only Wheeler
(1980), MacFarlane (1985), MacFarlane and Raven (1985) and Mierle
(1985) have attempted to relate the theory pertaining to diffusion
boundary layer development to the observed results. The following
section looks at short term phosphate influx to determine if there is
the possibilty that the external boundary conditions can alter the

influx to a sufficient degree to affect the alga's metabolism.

3.2 RESULTS AND DISCUSSION

3.2.1. THE EFFECT OF TIME ON PHOSPHATE TAKEN UP
Phosphate uptake was linear with time for the three phosphate
concentrations used, as shown in Figure 3.2 ([Pilb is the total
phosphate concentration in the bulk solution). Using the cell
dimensions (Table 2.1) it is possible to calculate an approximate
determination of the increase in internal cell phosphate concentration
as represented by the data in Figure 3.2. Table 3.3 shows that the
internal phosphate concentration per cell increases with time to values
well above [Pilb. If this increase represents the change in phosphate
concentration within the cytoplasm and it is assumed that the phosphate
remains unmetabolized, then this would be in agreement with previous
research showing an active uptake for phosphate against the negative
electrochemical gradient which exists across the plasmalemma (Blum,
1966; Kylin, 1966; Smith, 1966; Raven, 1974a,b). However, the
possibility of the formation of metabolized phosphate compounds, and
the transport of phosphate into other compartments (e.g. vacuole) makes
drawing such conclusions only speculative.
The linear relationship between uptake and time meant that the
results for phosphate influx versus [Pi]lb obtained over ten minutes are
not obscured by declining influx as a result of increasing

concentration of internal cell phosphate or phosphorus.
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Figqure 3.2. The relationship bstween phosphate takea up and time for
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TABLE 3.3. Increase in the c?gfentratiog3of phosphate within the cells
of Ulva australis'”’ (mmol m 7).

External Total Phosphate Concentration

Time (mins) 0.25 mmol m_3 1.0 mmol m_3 10.0 mmol m_3
10 6.31 28,07 36.60
20 26.72 61.39 90.14
40 49.17 108.34 185.26
80 101.93 24.576 291.43

(a) Assume cell_gpproximately Egctanqular, di@gnsions from Table 2.1
are 28 x 195 B x 12.5 % 10 “m 3 12.5 10 7, therefoge volume js
4.41 x 10 _gh ¢ nugber of cells per m~ is 6.369 x 10" cellg m is

m °. Therefore phosphate taken up umgl m ~/28.07

28.026x }0 _om
x 10 m m is the concentration of phosphate per m~ of cells.
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3.2.2. BRIGGS-HALDANE MODEL OF PHOSPHATE INFLUX
The results of four phosphate influx versus [Pilb experiments,
where water movement was varied in each, are presented in Figures 3.3
and 3.4. The results in each experiment, for the fastest water movement
(Shaker-F) are typical of the rectangular hyperbola represented by the
kinetics of a Briggs-Haldane type reaction. The variation in water
movement (equivalent to varying Rt the mass transfer resistance) was
sufficient to alter the Michaelis constant (Km) as predicted by the
D.B.L. theory (Table 3.4). The value of Km for the smallest external
resistance (Shaker-F) varied between 1-3 mmol m—3, which agrees well
with previously obtained results (Kautsky, 1982; Wallentinus, 1984;
MacFarlane, 1985; Sentenac and Grignon, 1985). However
the value for Vm was considerably lower when compared with other algae
(Raven, 1974a; Gordon, Birch and McComb, 1981; Kautsky, 1982;
Wallentinus, 1984; Manley, 1985; Mierle, 1985) and also
for Ulpa (MacFarlane, 1985).

The fitted curves in Figures 3.3 and 3.4 represent the
Briggs-Haldane equation fitted using the calculated parameters from
Table 3.4. The fitted curves show a good correlation with the results
for both water movement treatments. However the increased error
associated with the fitted Km for the slower water movement treatments
(Shaker-S) represents the increased discrepancy between this fit and
the true shape of the Briggs-Haldane equation. As previously explained
(Section 1.3) this discrepency between Km for the two water movement
treatments results when the flux through the D.B.L. limits the influx
at the plasmalemma surface. Under these conditions the true Km is best
approximated by the value determined for the Shaker-F treatment, and
the Km determined for Shaker-S represents an apparent Km.

The variation in true Km (Shaker-F) is not constant between

experiments. This cannot be correlated with the large variation which
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Figure 3.3. Phosphate influx versus [Pilb for the Shaker-S (m) and Shaker-]
(a) treatments (n = 5, C.L.). The curves were fit using the
Briggs-Haldane equation and the values of Km and Vm from
Table 3.4. (A) Experiment 1 (B) Experiment 2.
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Figure 3.4. See Figure 3.3 for the explanation of the symbols and fitted
curves, (C) Experiment 3 (D) Experiment 4.



TABLE 3.4. Michaelis parameters fitted using the program NONLIN.BAS
[errors are standard errors (S.E.)]).

Shaker-F Shaker-S
Vmax Km Vmax Km
nmol m_2 s_1 mmol m_3 nmol n sr,_1 mmol m
Experiment 1 2.24 * 0.16 1.76 + 0.35 2.37 + 0.16 6.14 £ 0.72
Experiment 2 1.70 £ 0.08 1.05 + 0.18 1.98 £+ 0.11 3.14 + 0.42
Experiment 3 1.44 + 0.05 2.42 £ 0.16 1.57 £ 0.09 4,31 + 0.44
Experiment 4 0.94 * 0.16 1.53 * 0.13 1.15 * 0.16 6.09 * 1,42
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also occurs between Vm for each experiment, and 1is probably a
characteristic of the plant material used in each experiment. The
significance of this is that it is not entirely possible to predict the
magnitude of the metabolic response (e.g. growth rate) for any given
water movement,

The results for Xm (Table 3.4) are given as [Pi]b, however when
they are calculated on the basis of H2PO " influx, ([HzPO4_]b is 0.6%

4
of [Pilb at 15°C and pH 8.2; Figure 3.1), they still give the same

curve fit to the data using the Briggs-Haldane equation 1).
Consequently, the diffusion flux (J = Kt([H2P04—]b—[H2PO4-]s), Equation
1.19) through the D.B.L., which is proportional to the concentration of
the diffusing nutrient, will be significantly slower (depending on the
value of Kt) than the influx kinetics across the plasmalemma predicted
by the Briggs-Haldane equation. Taken together, the discrepency between
Km for the two treatments (i.e. the presence of an apparent Km) and the
inequality between the external flux and the membrane influx, indicate
that the D.B.L. resistance is significantly effecting the overall
transport process. To determine the interaction between these two
transport processes it is necessary to make use of the Briggs-Maskell
equation (Section 1.3).

In the next section, an explanation of the coupling mechanism of
the two transport processes is given followed by the use of this
mechanism to explain the difference in H PO.  influx between the

2 4

different water movements.

V-(Pi) _ Vm x [Pilb/ (Xm + [Pilb)
V—(H2P04 ) = vm x ([{Pilb x 0.006)/ ((Km x 0.006) + ([Pilb x 0.006))
= Vm x [Pilb/ (Km + [Pilb)
where V is the influx reaction velocity at the plant's surface
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3.2.3. ELECTRICAL ANALOG DESCRIPTION OF THE TOTAL. TRANSPORT PROCESS

The Briggs-Haldane model represents the kinetics associated with
influx at the membrane surface. When a D.B.L. exists next to the
membrane, then the possibility exits that the total transport kinetics
can be altered by the resistance associated with the external diffusion
flux (J). Under these conditions the two transport processes are in
series, each with its own characteristic resistance to solute flux, and

as such can be represented by an electrical type analog.

W

[Where R is the resistance of transport process j (equivalent to
diffusion flux across the D.B.L., and Rj is the same as Rt by
definition) or m (equivalent to the influx across the membrane) , E the
potential driving force, and i is the current of transport process j or
m or the total transport process (T). By definition for resistances in
series, iT = E/(Rj + Rm). The resistance (Rj) represented by the D.B.L.
is shown as being variable to indicate that changes in water velocity
can alter its valuel.

Using this analogy it is possible to determine the outcome of
varying Rj or Rm on iT. If the resistance of one transport process is
far greater than the other, then that transport process will control
the total transport, and vice versa. This is shown in the following two
cases,

(1) Rj >> Rm therefore iT N E/ Rj ﬂ:ij Equ-3.1

(2) Rm >> Rj therefore iT ~E/ Rm “'im Equ-3.2
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On the other hand when the resistances for each transport process are
of similar magnitude, then the total transport process is equally
controlled by the two processes. This is shown by the following case,

(3) Ry v Rm therefore iT = E/ (R} + Rm) Equ-3.3

This analogy is not totally accurate in that it assumes that the
driving force (E) is the same for each resistance when in fact the
driving force across the D.B.L. (Ej) 1is the concentration gradient
(Cb-Cs), and for the membrane (Em)(l) it is Cb2Km/Km+Cb.

For cases one and two the result still holds (where E is now Ej
or Em), with the total transport being dependent on the transport
process with the largest resistance. In the case when intermediate type
kinetics exist (case 3), then the electrical analog breaks down.
However the total transport can be determined for this case using the
Briggs-Maskell equation, which equates the two transport processes
assuming a steady state state between the processes. Though the
electrical analog is inaccurate in determining the total transport
flux, it does provide a good way pictorially to present the diffusion
flux. It can also be used to determine the variable value of Rt under
different models of phosphate diffusion. The calculated values of Rt
can then be used in the Briggs-Maskell equation to calculate the total
transport flux.

The phosphate values of Rt can be calculated using the results of
the zinc calibration method (Section 2.7.2.). The logic for converting

(1) The driving force across the membrane can be determined by knowing
that the membrane resistance (Rm) = 2Km/Vm (see Section 1.3) and
therefore from i = E/R, V = Vm X Cb/2Km(1/2+Cb/2Km) , consequently Em =
Cb2Km/ (Km+Cb) . Note that the membrane transport and resistane for this
model are not the same as the membrane transport in terms of a
electrochemical potential difference.
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the Kt and Rt values for zinc to phosphate is based on (laminar flow

Equation 1.32) the ratio

8 ) -0. . 5
B 3p 0.33 - 0.5 vO 166 x0 5
—_— = p b
8 0.33 -0.5 _0.166 _0.5 Equ-3.4
HC1 3 DHCl Ub v X
(where D and DHcl are the diffusion coefficients of phosphate and HCl

respectively as given in Table 3.1, for 15 °C, and Gp and GHCl are the

D.B.L. thickness for phosphate and HCl respectively) consequently,

D 0.33
8 = Suc1 (7D 2
HCL Equ-3.5
Similarily for turbulent flow (Equation 1.37),
Dp 0.25
S Suc1 Drcy
Equ-3.6
by definition (Equation 1.19),
Kt = D/G (Rt = 1/Kt) Equ-3.7
therefore substituting 3.5 or 3.6 into 3.7,
Laminar D 0.66
ktP = P HC1
DHCl A
Equ~3.8
Turbulent D 0.75
ktP = < P i HCL
HC1 Equ-3.9

Where Ktp is the mass transport coefficient for phosphate. The results
are presented in Table 3.5.

Using the electrical analog model and the values of Rt it is now
possible to determine what resistances within the D.B.L. are
responsible for the divergence in Michaelis kinetic parameters (Section

3.2.2.)



TABLE 3.5. Rt for H,.PO " and HPO4 converted from zinc calibration results.

L.aminar Flow Growth-1 Growth-2 Growth-5 Shaker-F
rt® x 10° Hzpoé- 7.26 3.35 1.10 0.80

1 = HPO, - 15.20 7.00 2.31 1.67

_ (b) -

§ = D/Kt 52905 345 159 52 38

um HPO, - 239 109 36 26
3. (@ H_PO, 322(¢) 130 81 71
1x 274 ()

Im HPO,, 243 90 56 49
Turbulent Flow
rt (& x 10° H2PO§— 8.28 3.82 1.27 0.91

. HPO, - 19.01 8.76 2.89 2.09
6§ = D/Kt Hzpoé' 394 181 60 43

um HPO,, - 299 138 45 33
g (B H.PO, - 103 44 35
tux 2 %_

im HPO, = 78 34 27

. . 2- , . Pi, 0.66

(a) The factor for laminar flow to convert Rt-zinc to Rt—H2PO4 or Rt—HPO4 [using Rt-Pi /D7) Rt-HC1]

is 2.86 and 5.99 respectively.

(b) Diffusion coefficient of H_PO

(c) Used Equation 1.43 where a =

(d) Used Equation 1.32, where Slx

{e) The factors for turbulent flow, to convert Rt-H

3.26 and 7.49 respectively.

(f) Used Equation 1.37, where 5
tux

4 24 N
92.13 cm mol

= 0.5 61

= 0.9 6tu'

or HPO >~ is 4.75 and 1.57 x 10~

- 2-
PO or Rt-HPO

. respectivel& (Table 3.1), at 15°C.

[using Rt-Pi

Rt-HC1l], is




60.

s 2-
3.2.4. BRIGGS-MASKELL MODEL FOR H2PO4 OR HPO4 INFLUX

Energetically the cheapest phosphate influx system would be that

PO. influx,

represented by the electrical analog for H2 4

Model A.

A D.B.L.

R = i i .
where H2PO4 equals Rt. [D.B.L. is the outer limit of the diffusion

boundary layer, p.s. is the plasmalemma surface (the cell wall is

ignored). In this analog the potential difference (EH2P04_) represents

the concentration gradient ([HZPO 1b - [H2PO4 1s) . The resistance

4

through the D.B.L. (RH2P04—) is analogous to the mass transfer

. . -1 .
resistance (same units, s m ~). The current to the p.s. is then an
expression of the diffusive flux (J) as determined by Equation 1.19,
i - =E

-/R - 1.
H,PO, H,PO, ' "H,PO,

When the experimental H2PO4 value for Rt (Table 3.5; using the

laminar Rt for Shaker-S, and turbulent Rt for Shaker-F) is used to fit
the Briggs-Maskell equation (Figure 3.5 and 3.6) there is a large
under-estimation between the observed influx and the calculated influx.

The Rt values estimated for [H2PO4—]b, using the program FVKUP, show no

. , 5 R - . .
relationship with the tH2PO4 values from the =zinc analysis (Table

3.6; FVKUP 0.13 or 0.038 (xlo5 s mY) for Shaker-S and Shaker-F

respectively compared to for zinc 7.4 or 0.9 (xlO5 s m-l) for Shaker=S

and Shaker-F respectively). The most obvious explanation for this
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Figure 3.5. Phosphate influx versus [Pilb for the Shaker-S (m) and Shaker-F
(o) treatments. The curves represent the predicted phosphate
influx calculated using the Briggs-Maskell equation, the values
of Rt for H PO4— from Table 3.5 and the values of Km and Vm for
the Shaker—% tTeatment assuming that these values represent the
true kinetic constants. The Shaker-S and Shaker-F treatments
are represented by the lower and upper curves respectively.

() Experiment 1 (B) Experiment 2. (Model A)
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curves were calculated. (C) Experiment 3 (D) Experiment 4
(Model 2).



61.
difference, is that the low values of Rt predicted by the program FVKUP
suggest that an alternative form of phosphate is diffusing in parallel
to the H2PO4_ flux, contributing to the total phosphate influx.

The most likely possibility is the influx of HPO42_, though at an
energetic cost to the plant's metabolism. The energy difference between
using H2P04_ or HPO42_ can be calculated using the method of Raven
(1980) .

AG = RT 1ln [Pilc/[Pilb + 2zF Yib : Equ-3.10
(where AG is the free energy difference of phosphate between the two
sides of the plasmalemma (kJ mol—l), R is the universal gas constant
(8.31 J °K_L mole_l), T is the absolute temperature (288 °K), z is the
charge (-1 or =-2), F 1is the Faraday constant (9.65 x 10
coulombs mole—l), Yib is the electrical potential difference across
the plasmalemma (-60 mVolts for U. lactuca, West and Pitman, 1967). For

this example [Pilb is taken as 1 mmol m—3, therefore at pH 8.2

“1b = 0.006 mmol m~> and [HPO 2 1b = 0.861 mmol m >, and [Pilc is

[H2PO 4

4
the cytoplasmic phosphate concentration.) At a cytoplasmic pHc of 7.5

and a [Pilc of 1 mol m_3 (Raven and Smith, 1980; Raven, 1980) then

- 2- .
[H,PO, ]c and [HPO ]Jc are 3.4% and 93.4% of [Pilc respectively. The

4 4

energy required for influx is then 26.7 kJ mol—1 or 28.3 kJ mol_1 for

H2PO4- and HPO42— respectively. The difference (1.6 kJ mol_l) in

energy, though making H2PO4- energetically more attractive for Ulva, is

2_
not that great that HPO cannot be used at the expense of energy

4
efficiency. Model B.

|t

- | E 2-
EH2PO4 e — HPOy4
B DB.L.

"Hppoy Z 2 RHpoZ

p. s.
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R 2=
(where "~ HPO is equal to Rt for HPO

4 4 ! which assumes that the

PO~ is negligible compared to that

contributing diffusion flux of H2 4

2- ) -
for HPO4 .} Model B also assumes that no equilibrium between H2PO4

2- , .
and HPO exists in the D.B.L. (the symbols are the same as for Model

4
A).
The Rt values for HPO42— (Table 3.5) though larger than the
equivalent value for H_PO ~ (due to the smaller diffusion coefficient

2" 74
of HPO42_) result in a far greater diffusion flux at the same ([Pi]b
(Figures, 3.7 and 3.8). The curves (Briggs-Maskell equation) give a
good fit to the data, though there is some discrepancy especially for
the slower velocity (Shaker-S) and most notably in Experiment 1. The
values of Rt, for [HPO42_], calculated using the program FVKUP show a
good fit with those determined from the zinc analysis (Table 3.7; FVKUP
18 or 2.5 (105 s m_l) for Shaker-S and Shaker-F respectively, compared
to those for zinc 15 or 2.1 (105 s m_l) for Shaker-S and Shaker-F
respectively). The values calculated for HPO42- using FVKUP are, as
would be expected, very similar to those calculated with the assumption
that the total phosphate concentration is available for uptake (Table
3.8). The proposed model (B) of HPO42_ transport then adequately
describes the observed influx of phosphate. The one complication to
this model, is the possibilty that the phosphate equilibrium reaction
within the D.B.L. is altering the actual concentrations of HZPO " or

4

o=
HPO4 at the plant's surface (MacFarlane, 1985).

3.2.5. MODIFICATION OF THE MASS TRANSFER RESISTANCE BY EQUILIBRIUM
REACTION MAINTENANCE WITHIN THE D.B.L.
The existence of a concentration gradient within the D.B.L. can
influence other solutes present, as the equilibrium concentration
within the D.B.L. will vary from that existing in the bulk solution.

The best cited example is the case of the apparent [COZ] being
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HPO were used (Model B, Table 3.5).
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TABLE 3.6. FVKUP for H2P04_ (0.6% of T.P.)

Vm nmol m—2 s_l Km mmol m Rt x 105 s m-1 Regression Coefficient (r2)
Shaker-S Shaker--#¥ Shaker-5 Shaker-F Shaker-S Shaker-F Shaker-S Shaker-F
Experiment 1 1.99 2.00 8.00 1.76 0.172 0.069 0.993 0.986
Experiment 2 1.68 1.65 5.62 3.61 0.097 0.036 0.995 0.938
Experiment 3 1.35 1.37 7.75 9.59 0.168 0.044 0.996 0.998
Experiment 4 1.00 1.00 16.00 10.60 0.078 0.003 0.984 0.983
Average * S.E. 0.13 + 0.02 0.038 % 0.014
TABLE 3.7. FVKUP for HP042_ (86.1% of T.P.)
Vm nmol m_2 s'_1 Km mmol m-3 Rt x 105 s m—1 Regression Coefficient (rz)
Shaker-S Shaker-F Shaker-S Shaker-F Shaker-S Shaker-F Shaker-S Shaker-F
Experiment 1 2.00 2.00 1.22 2.50 23.92 9.90 0.993 0.986
Experiment 2 1.68 1.69 _ 0.82 0.85 13.74 0.041 0.995 0.934
Experiment 3 1.36 1.43 1.15 1.98 23.58 0.037 0.996 0.997
Experiment 4 1.00 1.00 2.28 1.54 11.49 0.097 0.984 0.983

Average * S.E. 18.2 £ 3.2 2.52 + 2.46




TABLE 3.8 FVKUP for Total Phosphate (T.P.)

Vo nmol mfz s_1 Km mmol m-3 Rt x 105 ) m_l Regression Coeffi¢ient (r2)
Shaker-S8 Shaker-F Shaker-S Shaker-F Shaker-S Shaker-F Shaker-S Shaker-F
Experiment 1 2,00 2.16 1.42 1.37 27.78 0.041 0.993 0.956
Experiment 2 1.68 1.69 0.95 0.97 15.90 0.050 0.995 0.934
Experiment 3 1.36 1.37 1.36 1.64 27.17 6.897 0.996 0.998
Experiment &4 1.00 1.00 2.65 1.79 13.32 0.119 0.984 0.983

Average * S.E. 21.0 + 3.8 1.78 £ 1.17




63.

supplemented within the D.B.L. by the dissociation of other carbon
species to maintain equilibrium (Gutknecht and Tosteson, 1973; Walker,

Smith and Cathers, 1980). The theory is that as the CO2 is transported

across the membrane the equilibrium between [COZ] and [HCO3 ] is
unbalanced unless HCO3~ dissociates into C02. The consequence is that
the [C02]s is actually greater than that predicted by the D.B.L.
theory. This is further complicated by the rates of the equilibrium
reactions and the pH of the solution within the D.B.L..

A similar equilibrium exists within the bulk solution for

phosphate, between its dissociation species (Table 3.1).

2 3-

—__)
, ==H+ PO,

+ - +
H,PO,==H + H)PO, T—H + HPO Equ-3.11

4

Equilibrium between all the phosphate species is extremely fast (Mahan,

1975), therefore as H2PO4- is taken up its equilibrium concentration

within the D.B.L. will be maintained. The consequence of the actual

concentration of H2PO4— being augmented by an unbalanced equilibrium

situation within the D.B.L. would be to increase the influx at the
membrane above that predicted. This situation has already been
developed for phosphate D.B.L. transport by MacFarlane (1985), who

found that the equation for H_PO ~ diffusion flux could be written in

2" 74
terms of the other phosphate species present(l),

Jupo~ T KtH2PO - 4 Keypo 2= Ka, | ([HPO, Jp = [H, PO,

(7]

4 1)

Equ-3.12
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where
Ka2
/+‘
BB oy = n JETe
Rt ~ Rt - Rt 2-
H)PO, HPO, Equ-3.13
This augmented H2PO4_ diffusion flux can be depicted diagrammatically
by,
Model C.

E - 1 1 E 2
HoPO 4T T HPOy4
C D.B.L.
R - R 2=
HoPOy HPOy4
p.s.
g
(Where the symbols are the same as Model A)
o Ju.po,~ = Xtm po,~ ([H2PO4-]b - [P0, 1Y)
2774 2774
+ KtHPO42— ([HPO4 ]b - [HPO4 ]S)
3~ 3-
+ Ktpo43- ([P0, ]b = [PO, 1)

The terms due to PO 3- can be ignored due to the slow rate of diffusion
(Table 3.1). From, 5 _

4 1 = Ka2 [H2PO4 ]

the exgression for the diffusion flux can be written in terms of
[H2PO4 ] (MacFarlane, 1985).

J - = (Kt - Kt 2- Ka,) ([H PO
H2PO4 H2PO4 + HPO4 __2 2

H']

[H 1 [HPO

a lp = [HyPO,1Y)
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The effect then of a parallel diffusion flux of H2P04_ and HPO42_
across the D.B.L. is to greatly reduce the mass transfer resistance.
The Rt values predicted (Equation 3.13) are given in Table 3.9 for the
combined phosphate transport (Total phosphate). When these values are
used with the appropriate values of Vm and Km, the curves generated by
the Briggs-Maskell equation are a good fit to most of the data (Figures
3.9 and 3.10). The average calculated Rt values for H2P04_, qsing the
program FVKUP, are in good agreement with those determined using
Formula 3.13 and the values from the zinc technique (Table 3.6; FVKUP,

0.13 or 0.038 (105 s m_l) for Shaker-S and Shaker-F respectively,

compared with the zinc calculations 0.12 or 0.016 (105 s m—l) for
Shaker-S and Shaker~F respectively). Mierle (1985) determined the
phosphate value of Rt as 0.03 105 s m_l for the alga Synechococcus
leopoliensis, which is in good agreement with the FVKUP results for
Shaker-F.

Most notably the variation between the fitted (for HPO42— and

total H2PO4_, Figures 3.7-3.10) and the observed results occurred in
Experiment 1. The conclusion is that an added external resistance is in
some way complicating the expected results. Alternatively, the
equilibrium time required for the D.B.L. to be established may be
having a differential effect on the influx for the different water
movement treatments. Equation 1.13 predicts that the time for
equilibrium would be 100 to 1.5 s for Shaker-S and Shaker-F
respectively (using the D.B.L. thickness for H2PO4— and the constant
0.38). However, the longer time required for equilibrium to be
established for the Shaker-S treatment, should result experimentally in

a smaller difference in influx between the treatments and not the

larger difference observed in Experiment 1.
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TABLE 3.9. Mass transport resistance for Model C and H for both laminar and turbulent flow.

Laminar Flow Growth-1 Growth-2 Growth-3 Growth-4 Growth-5 Shaker-S Shaker-F
Rt x 105 Combined H2PO4' (a) 0.120 0.055 0.034 0.030 0.018 0.122 0.013
s m-1 H+ (b) 1.11 0.51 0.32 0.28 0.17 1.14 0.12
H+ = H+ (c) m 882 407 253 223 134 903 97
8 p /kt' S M
+
ale (@) um 800 '®) 332 240 217 208 800 (&) 182

Turbulent Flow

Rt x 105 Combined H2PO - (b) 0.148 0.068 0.043 0.038 0.023 0.152 0.016
S m_l H+ (b) 1.00 0.46 0.29 0.25 0.15 1.03 0.11
H+ = H+ 795 367 228 201 121 814 87
8 =p" /ke "
Ho(£) um - 207 116 96 90 - 71
tux

(a) Rt for combined H_PO ~ diffusion flux (th) is calculated uSing l/Rtc = [RtH PO -]-1 + Fact[RtHPO 2—]—1

+ 4
where Fact = Kaz/%H ?, using the values for the appropriate laminar or turbuient flow (Table 3.5) and the

constants in Table 3.1.

HC1, H ,0.66 or 0.75 -HC1
D D

: + +
{(b) The factor to convert Rt-Zinc to Rt-H [using Rt-H = ( ) Rt ] is 2.28 and 2.53 for

/

laminar and turbulent flow respectively.
(c) Diffusion coefficient of H+ is+7.94 X lO_9 m2 s_1 (Table 3.1), at 15°C.
(d) Used Equation 1.32, where Sle = 0.3 lHT
(e) Used Equation 1.43 where a = 40 cm2 mol_1

-~ Ht ut
(f) Used Equation 1.37, where § = 0.9
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Figure 3.9. Phosphate influx versus [Pi]b for the Shaker-S (m) and
Shaker-F (a) treatments. Curves were determined by the same
method described in Figure 3.5, except that the Rt values for
the combined model of phosphate transport through the D.B.L.
were used (Model C, Table 3.9). (A) Experiment 1
(B) Experiment 2
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3.2.6. MODIFICATION OF THE H9P04— MASS TRANSPORT RESISTANCE BY THE

EXTERNAL pH

Though the equilibrium conversion of HPO42— to H2PO4_ is fast
the reaction does depend on the presence of sufficient protons to
maintain equilibrium (Equation 3.11). The possibility for proton
diffusional limitations within the D.B.L. has already been suggested by
Walker, Smith and Cathers (1980) for Charq and Sentenac and Grignon
(1987) for corn roots. In both these papers a theoretical acidification
occurred next to the cell wall due to the rate limiting diffusional
flux of protons into the bulk solution. If this was to occur for U.
australis the increased percentage of HZPO " would cause a response

4
L 2-
similar to that predicted by the combined H2PO and HPO Model (C).

4 4

The major problem with drawing this conclusion is that the physical
systems for corn roots and Chgra are quite dissimilar to that for Ulva.
For corn roots the lack of a photosynthetic system, and for Chara the
possibilty of acid-alkaline banding, due to the size of the cells,
means that the transport processes can be quite different. The critical
point is whether there is net acidification or alkalization outside the
cell. This will depend on the form of nutrition.

Table 3.10 is an attempt to determine the possible net direction
of protons across the cell membrane, using data drawn from the
literature as specified. The net direction of protons depends greatly
on the form of carbon crossing the membrane for photosynthesis. Table
3.10 shows that the magnitude and direction of proton flux across the
cell membrane ranges from an influx of 1054 pmol m_2 s_1 (HCO, ), to an

3
efflux of 214 mol m-2 s_1 (C02). The conclusion of Beer and Eshel
(1983) and MacFarlane (1985) is that for Ulva the transport of HCO3_
from the bulk solution is necessary to account for the rates of

photosynthesis achieved. Cummins, Strand and Vaughan (1969) found that

with the onset of photosynthesis in Ulva there was a net influx of



TABLE 3.10. Minimum and maximum proton flux based on cell nutrient composition.

(a)

Content Net inlex Minimum chargg ba}ance Maximum chargs ba}ance
N -1 = = 2 b
nmol m s nmol m s nmol m ]
Element mmol g_1 (D.W.) Low High Ion Low High Ion Low High
c 25 461 1010 Hco3' -461 -1010 co, 0 0
N 1.07 - 3.20 20 129 NO3- -20 -129 NH4+ 20 129
P 0.026 - 0.12 0.83 4.80 H2PO4- -0.83 -4.80 H2P04- -0.83 -4.80
+ +
K 1.40 25.80 56.50 K 25.80 56.50 K 25.80 56.50
+ +
Na 0.112 2.97 4.52 Na 2.07 4.52 Na 2.07 4.52
+ +
Ca(b) 0.23 4,23 9.26 Ca2 8.46 18.52 Ca2 8.46 18.52
2+ 2+
Mg(b) 0.29 5.39 11.78 Mg 10.78 23.56 Mg 10.78 23.56
(c) s
Cc1l 0.32 5.87 12.83 cl -5.87 -12.83
it total'? 441 1054 -60 -214
+
gt (- () 421 925 -40 -85

(a) Net influx_ during growth is calculated using the absolute growth rate (A.G.R.), which ranged from 2.3 to
15.4 x 10 ~ gm s (D.W.) The influx was then computed using Influx = content X A.G.R./area.

(b) Rosell and Srivastava (1984) for the brown alga Macrocystis integrifolia  assume that these values

{(c) Ritchie and Laikum (1984) for the green alga Enteromorpha infgstéﬁalis would be similar for Ulva_

(d) The range in H movement is 1054 influx - 214 efflux (nmol m s ) [equivalent to 105 to 21 pmol cm s ].

(e) These calculated values represent the proton balance when nitrogen is not present in the growth solution, as

is the case when A.S.W. is used.
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protons which was coupled with the influx of HCO3_. The calculated
charge imbalance found using HCO3— (0.4-1 umol m—2 s_l, Table 3.10)
would then require a net positive influx of protons to balance the
charge. A further point is whether the media contains nutrients for
growth (as is the case in seawater or not as for A.S.W.) and the form

+ ]
of nitrogen (NH4 versus NO3 ; Table 3.10), as this will modify the
magnitude of the proton flux across the cell membrane.

If we take the worst case scenario with the following boundary

conditions,

2

+ -
[H ],[H2PO4 ],[HPO4

—],[PO43_] = constant at y > D.B.L. thickness

[H+] =0 at y = 0 (cell surface)

[H2PO4_],[HPO42_],[PO43_] = value satisfying the Briggs-Maskell
equation for variable Rt at y = O then it is possible to determine the
relationship which defines the value of Rt. The simplest model for
proton diffusion being rate limiting is when all the species are

transported in parallel across the D.B.L.

Model D.

E L__E

HPO, T H T HPOj
D D.B.L.

R - R + R N
H,POy, H HPOy

p.s.

(where the symbols are the same as used in Model A)
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Using the same logic as used to determine Rt for Model C. the

total resistance for the D.B.L. can be determined from (Table 3.9},

Ka
Ka
2
/+/ [m{z/']
i - = E e SR Holow o 4
- - +
H2PO4 H2PO4 RH2PO4 RHPO42 RH
Equ-3.14
where,
fi%/ Ka2
+ 2=
g . 1 . [H] . [mPO,“ ]
Rt i R - R 2- R_+
H2PO4 HPO4 H
Equ-3.15

The resultant values of Rt (for Experiment 1) are given in Table 3.11,
and are variable with increasing total phosphate concentration. At low
[Pi]lb the values of Rt are less than the corresponding values for Model
C, however as the [Pilb increases the Rt values for Models C and D
converge so that there is no apparent change in the diffusional flux as
fitted using the two models. The problem with the logic of Model D is
that it assumes that the equilibrium reaction is in parallel with the
proton diffusion flux, when a more accurate representation would have
the equilibrium dependent on the rate limiting step. If Model D is
altered so that the diffusion flux of protons and HPO42— are in series
then this mistakenly assumes that the driving force for both diffusion
fluxes is the same.

To overcome this a better electrical analog of the total
resistance would have the diffusion fluxes due to protons and HPO4 " in
a either/else situation as would be depicted by switch. That is when
the diffusion flux due to protons is less than that due to HPO4?- then

the resistance of the equilibrium reaction would depend on the proton

diffusion flux equated to H2PO4—, and vice versa.
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Model E.

s
Ka Ka
2 2
+ 4
1 1 " [H ] [HPO, ]
Rt R - R = —niy—
H,PO, H,PO, H

(where Sw represents the either/else switch,
. i 2- , .
if 1H+ < lHPO4 then Sw points to position 1

or iH+ > iHPO42— then Sw points to position 2,
i represents the current (diffusion flux).)

The values of Rt (for Experiment 1) for Model E are larger and far
more variable than those of Model D, as a consequence of being more
dependent on the diffusion flux of protons (Figure 3.11; Table 3.11).
Because the value of Rt for Model E depends on the concentration of
HPO42_ there is a decrease in Rt with decreasing phosphate
concentration. However the value of Rt at zero concentration has a
lower limit equivalent to the Rt value for H2P04_. A plot of the
expected total influx, using the Briggs-Maskell, versus [Pilb shows
that the curves, especially in the case of Shaker-F, are rate limited
as they approach the diffusion flux (Figure 3.12). The poor agreement

between the observed data for Experiment 1 and the calculated flux

using Model E, indicates that the proton diffusion flux is not rate



TABLE 3.11. Predicted mass transport resistance (Rt) for Experiment 1,
calculated using Models C, D and E.

-1
Mass transport resistance (x 105 sm )

[Pilb Model C Model D Model E

mmol m_3 Shaker-S Shaker-F Shaker-S Shaker-~F Shaker-S Shaker-F

0.25 0.121 0.016 0.087 0.011 0.295 0.029
0.50 0.121 0.016 0.101 0.013 0.569 0.060
0.75 0.121 0.016 0.107 0.014 0.822 0.081
1.00 0.121 0.016 0.110 0.014 1.050 0.105
5.00 0.121 0.016 0.119 0.016 3.360 0.359
10.00 0.121 0.016 0.120 0.016 4.630 0.515
15.00 0.121 0.016 0.120 0.016 5.300 0.602
20.00 0.121 0.016 0.120 0.016 5.710 0.657

30.00 0.121 0.016 0.120 0.016 6.180 0.724
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Figure 3.11. Relationship between Rt and [Pilb for data from Experiment 1,
where curve (1) is Model E for Shaker-F, line (2) is Model A
Shaker-F and curve (3) is Model E for Shaker-S.
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70.
limiting to the degree expected based on the initial assumptions for
Model D. The assumption that the pH at the surface is zero, based on
the charge balance (Table 3.10), clearly needs to be modified to
account for the presence of protons.

The buffering index of seawater was 25 x 10-6 (Butler, 1964),
which considering the volume of the D.B.L. surrounding the plant's
surface and the 1large influx of protons is clearly inadequate to
maintain the pH. Buffering in seawater is due mostly to carbon
(Pytkowicz, 1967), which is at a far greater concentration than
phosphate (2 mol m_3), so the pH at the surface is probably dependent
on the diffusion flux of carbon and its slower equilibrium reactions.

Another possibility is the proton attraction within the Donnan
Layer maintaining the pH. Evidence against this comes from the results
of Sentenac and Grignon (1985), who found that the concentration of
HZPO4_ was reduced within the cell walls as a consequence of binding
with Ca2+) even though there was an acidifying of the cell wall.
Caution must be taken with these results as they apply to corn roots.
Hanisak (1987) has indicated that within the marine situation calcium
can bind to phosphate and therefore reduce its apparent concentration
available for influx.

Smith (1984) has suggested the presence of a proton pump to
maintain cytoplasmic pH in Chara corallina, which could also maintain
the external pH if protons are cotransported with H2PO4—. However as
already mentioned for marine algae the most likely cation cotransported
with H_PO,  is Na .

2774
More work needs to be done in regard to surface pH measurements

and the reactions that maintain the pH for small celled algae which

cannot have acid banding on their surface.
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3.3. CONCLUSIONS

The observed variation in the parameters vm and Km between
experiments and the variation between experimments to the within
experiment response to water movement shows two things: (1) Cells of U.
australis have different phosphate influx requirements, which could
possibly be correlated with their age, internal phosphate concentration
and their habitat (culture) history, (2) The variation in Km and Vm
interacts with the D.B.L. effects. Taken together, the results indicate
the plant's metabolism will be influenced to varying degrees by changes
in the thickness in the D.B.L.. The implication is that sweeping
conclusions attributed to the effect of increasing water movement will
not always be correct without knowing the response of individual plants
to water movement. It is also important not to generalize for all
nutrients the effect of transport limitations through the D.B.L. for
one nutrient.

Equations 3.1 and 3.2 can be written in terms of the resistances

appropriate to chemical transport as:

(1) Rt >> 2Km/Vm therefore V ([Pilb - [Pils)/Rt Equ-3.17

(2) Rt << 2Km/Vm therefore V = Vm [Pils/ (Km + [Pils) Equ-3.18
Therefore as Vm decreases the total transport process becomes more
dependent on the resistance associated with the membrane. This depends
on Xm staying constant, and the conclusion in comparing the results of
MacFarlane (1985) for Ulva rigida (km ™ 1.5 mmol m~>, vm ¥ 15 nmol e
s_l) and those in Table 3.4 is that Km is relatively constant under
these conditions. The variation observed in Vm then can have some

influence on the dependency of the total transport process on the

resistance associated with the D.B.L..
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The evidence from the models presented for different phosphate

species influx, points to a parallel diffusion flux of H2P04_ and

2-- .
HPO4 across the D.B.L.. However the results did not necessarily show

2=-
that HPO4 could not be the ion transported across the plasmalemma.
The Briggs-Maskell equation adequately describes the observed effect of
- 2-
the D.B.L. when either the combined H2P04 and HPO4 model (C) or the

HPO42— model (B) of influx are used. Complications associated with the
simultaneous influx of other ions and the role of protons in rate
limiting the equilibrium reaction can still only be conjectured. This
applies to situations where multiple diffusion fluxes are modeled, and
the false assumption that the thickness of the D.B.L. is constant for
all solutes (Walker, Smith and Cathers, 1980). Tables 3.5 and 3.9 show
that the calculated and measured D.B.L. thicknesses for the different
ions vary considerably for a particular water movement.

Most of the discussion so far has dealt with the physical and
chemical processes external to the membrane transport processes. The
possibilty exists though for the cell to manipulate the rate and
direction of flux and the solute species at the membrane in response to
internal and external signals. This possibility has already been
contemplated by Walker, Smith and Cathers (1980) with regard to the
plant's manipulation of the rate of the proton flux, with the
possibility of acidification within the D.B.L. and therefore
stimulating CO2 influx. A similar situation could occur for Ulva, as a
means of controlling the influx of phosphate underx cbnditions when
phosphate is limiting the plant's metabolism, and the extra energy
expenditure is offset against gains in metabolism.

The values of the D.B.L. thickness calculated from the results of
the =zinc method (Tables 3.5 and 3.9) and those estimated using the

D.B.L. theory are in good agreement when the formula are applied to

single ion diffusion fluxes. Disagreement occurs for the case of H2PO4_
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influx, when these values are fitted to the observed results. The
calculation of an effective D.B.L. thickness for the model of combined
H2PO4— influx is not possible using the D.B.L. theory. The values of Rt
that fit the data for the combined model suggest that the D.B.L.
thickness is very small. As a consequence of this it needs to be
pointed out that applying the theory of D.B.L. with out knowing the
true chemical situation within the D.B.L. can lead to incorrect
assumptions as to its importance for metabolism.

This leads to the question of whether the observed difference in
influx with varying resistance is enough to result in a significant
variation in growth rate. Gavis (1976) has noted that when diffusion
limits the uptake of nutrients (not applicable for COZ) it results in a
"smaller change in growth rate than it does in uptake rate". The small
variation in phosphate influx (Figures 3.3 and 3.4) observed then might
not be great enough to cause any variations in growth rate even at the

greatest resistance used (Growth-1). This question will be tested in

the next chapter.
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CHAPTER 4. THE EFFECT OF WATER MOVEMENT ON THE GROWTH RATE OF

Ulva aqustralis: EXPERIMENTAL LIMITATIONS.

4.1 INTRODUCTION

The question of whether the decrease in influx caused by
decreasing water movement should influence the rate of growth in
long term experiments, depends on the relationship that exists
between the influx and the growth rate. The Monod (1942) equation
for growth relates the relative growth rate (R.G.R.) to the
external nutrient concentration (Cs),

pm Cs
Ks + Cs Equ-4.1

where p is the R.G.R., um is the maximum R.G.R. (Weight Weight_1
Time—l), and Ks is the half saturation for growth (mol m_3), and both um
and Ks are based on the external nutrient concentration. The constant Ks
is quantitatively and empirically different to the Michaelis constant Km
for influx. Droop (1973) found that Ks was approximately five percent of
the value of Km, and a similar result was found by Gotham and Rhee.
However the results determined for the macroalga Chordaria
flagelliformis show that Km was only approximately twice that of Ks
(Probyn and Chapman, 1983). This equation has been experimentally
verified for marine macroalgae by Chapman, Markham and Luning (1978),
DeBoer, Guigli, Israel and D'Elia (1978), Gordon, Birch and McComb
(1981) and Probyn and Chapman (1983) for both batch and continuous flow
through experiments. Plotting u against Cs provides a curve with the
same general shape as the Briggs-Haldane equation.

In the same way in which the Briggs-Maskell equation was
derived for influx, so too can an equation for growth rate,

incorporating the effect of the D.B.L. resistance. This was done
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by equating Equations 1.19 and 1.46 (assume steady state),

Vm Cs

KelCh=Co) = tm+ cs

and solving for Cs to give the quadratic equation

C52 + Cs(Vm/Kt + Km -= Cb) - KmCb = O Equ-4.2
simplifying
Cs = 0.5[Cb-Km-Vm/Kt +V/QVm/Kt+Km—Cb)2+4Kme] Equ-4.3

Note the negative sign has been dropped as this would imply a negative
concentration (Cs) at the plant% membrane surface. The units for Cs, Cb,
and Km were mol m_3, for Kt, m s—l, and for Vm, mol m_2 s . Pasciak
and Gavis (1974) came to the same solution, except they divided through
by the constant Km, producing a dimensionless version of Equation 4.3.
This created a term equivalent to Vm/KtKm (dimensionless) which they
called 1/P. They arbitrarily chose that when P was less than 0.56, the
overall transport process was limited by the D.B.L. resistance. This is
the same term derived in Equation 1.50 (Kt << Vm/2Km equal to KtKm/Vm <<
0.5) for the same condition. As shown in Section 3.2.3., the term 2Km/Vm
(s m_l) is equivalent to the resistance of the Briggs-Haldane reaction
and the inverse of Kt is the resistance of the D.B.L. (Rt, s m_l). This
can be used to predict the conditions under which the D.B.L. resistance
significantly affects the growth rate,

Substituting the solution for Cs (Equation 4.3) into Equation 4.1

creates an expression which describes the relationship between the

growth rate and the external physical and nutrient conditions.

W = um/(Ks/(0.5[Cb-Km-Vm/Kt+/ (Vm/Kt+Kn-Cb) >+4KmCb]) +1) Equ~4.4
Figure 4.la shows a plot of R.G.R. versus [Pilb. The values of Vm and Km
were taken from Chapter 3 (2.0 nmol m—2 s_1 and 1.5 mmol m_3
respectively), the values of Kt are the inverse of Rt determined for the
combined model of H_PO, and HPO 2= influx (Table 3.9) and Ks is

2" 4 4

calculated using Ks = pmKgKm/Vm where Kg was the minimum internal
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concentration of the limiting nutrient (Kg = 20 pmol g—l, therefore Ks =
0.868 mmol m—3, Droop 1973). Kg is approximated from the minimum Q
determined from numerous experiments. Figure 4.1b shows a plot of influx
(Briggs-Maskell equation) versus [Pi]b using the values of Vm, Km and Kt
as described above for Figure 4.la. As shown in Figures 4.la and 4.1b,
the D.B.L. resistance has the same qualitative effect on growth rate as
it did on influx. There is a 2 to 7% decrease in the magnitude of the
effect when compared with the response for influx (graphically this is
hard to display). This decrease was predicted by Gavis (1976) using a
similar expression to Equation 4.2, but no empirical application of this
type of formula has been done. The consequence of Equation 4.2 is that
for low values of Cb the rate of growth will be reduced for plants
growing 1in slow water movement compared to faster water movement
environments.

The experimental evidence for the limitation of growth
rate due to an external D.B.L. resistance has been restricted to very
few studies, involving both field and laboratory measurements
(Jones, 1959; Matsumoto, 1959; Whitford and Kim, 1966; Doty,
1971a,b; Gerard and Mann, 1979; Lapointe and Ryther, 1979;
Andrake, 1980; Cousens, 1981, 1982; Parker, 1981, 1982; Kain, 1982;
Fujita and Goldman, 1985). The reason for this probably lies in the
incorrect assumption that the results obtained for reduced influx can be
directly applied to growth rate. The general result, where growth rate
was plotted against water velocity, was that growth rate saturates with
increasing water velocity. Parker (1981, 1982) found that the growth
rate of Ulva lactuca and Gracilaria tikvahiae was maximized at the
lowest water velocity tested (7.5 cm s—l). The predicted saturation

water velocity from Equation 4.4 is equivalent to the Kt for Growth-2.
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The conditions required to elucidate any variation in growth rate
due to the influence of the D.B.L. resistance should be such that all
other factors that can influence the growth rate were optimal. It was
obvious that for suboptimal light conditions for instance, that the two
factors will compete in their effect on the growth rate making it
difficult to distiguish the magnitude of each factor separately. Also
because the variation in water velocity predicts only a small difference
in growth rate, any attempt to quantify this reponse will require
accurate measurement of the growth rate. This may not be good enough as
the variation naturally inherent in any population may be large enough

to obscure the effect of the D.B.L. resistance.

4.2. RESULTS AND DISCUSSION

For the results  presented, the method of growth rate
determination was the one cut method (see Section 2.5.3.1.). The
medium was filtered seawater and Hoagland's solution as described
in Sections 2.2.2. and 2.2.4.. The three experimental water
movement conditions chosen were Growth-1, Growth-2, and Growth-4
(see Tables 2.2 and 3.9). The concentration of phosphate in the
seawater was 0.59 + 0.08 mmol m_3 (n=21, standard error), and the
PH was 8.22 + 0.01 (n=41, standard error). The pH varied by 0.008 +
0.005 (n=41, standard error) between the fresh and old seawater,

replaced daily.

4.2.1. THE EFFECT OF Rt ON GROWTH RATE

Figure 4.2a shows that there was no significant difference in the
increase in surface area over time between the different water
velocities. A similar response was shown for changes in dry weight with

time (Figure 4.3a). The slopes of inset Figures 4.2b and 4.3b represent
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the change in growth rate with time, indicating that a considerable time
lag (4 days) exists between the start of the experiment and the point at
which the disks begin to grow. The calculated relative growth rates
using both the Hunt program and raw data, are shown in Table 4.1. The
values calculated by the Hunt program smooth out the discontinuities
present in the raw data values, and indicate that the R.G.R. was not
constant for any of the treatments. Also a large variance was associated
with every rate which obscured the detection of any difference between
treatments, and time periods.

For comparison, maximum  values of R.G.R. from previous
research for Ulvg are shown in Table 4.2. The values from Table 4.2 for
R.G.R., based on dry weight, are two to five times larger than the
maximum values in Table 4.1. This might indicate that the growth
conditions were not maximizing the growth potential, and would help to
explain the inability to distinguish a response to the D.B.L.
resistance.

It was possible to fit Equation 4.4 to the raw data in
Figure 4.3a, by using the expression

w2 = w1 e"® Equ~-4.5
where W1 and W2 are the dry weights at the initial and final time
periods and are t time apart, and M is the R.G.R. calculated from
Equation 4.4. (Hunt, 1982). When this was done using the dry weight at
time zero (2.4 mg) there was no relationship with the raw data. The
reason for this was that Equation 4.4 results in a constant R.G.R. for
all time periods, which meant that no account of the initial lag phase
was taken into account. To overcome this Equation 4.5 was fitted to the
raw data by using the dry weight at day 4 as the starting point (Wl1).
Figure 4.4 shows that the curve generated by Equation 4.5 for Growth-1
was a reasonable fit to the raw data, for all treatments. The curves

generated for Growth-2 and Growth-4 indicate that the growth for these



TABLE 4.1. Relative growth rate calculated using Hunt program and raw data averages (day—l).

Average R.G.R. (Raw Data) Hunt program (C)
Time (days) Growth-1 Growth-2 Growth-4 Growth-1 Growth-2 Growth-4

2 0.012 A -0.004 =0.013 -0.085 * 0.021 -0.069 * 0.021 -0.081 + 0.019

4 -0.042 B -0.013 -0.031 0.034 * 0.030 0.069 + 0.021 0.052 * 0.025
-0.015 A -0.008 A -0.022 A

6 0.050 B 0.080 B 0.091 B 0.034 + 0.023 0.035 * 0.031 0.035 * 0.019
0.007 A 0.021 A 0.016 A

8 0.067 B 0.032 B 0 B 0.020 + 0.023 0.021 %+ 0.021 0.031 £ 0.019
0.022 A 0.024 A 0.012 A

10 -0.067 B -0.018 B 0.05 B 0.005 * 0.030 0.032 + 0.028 0.030 * 0.025
0.004 2 0.015 A 0.020 A

12 0.088 B 0.088 B 0.043 B 0.052 * 0.023 0.076 * 0.022 0.030 = 0.020
0.018 A 0.028 A 0.023 A

14 0.089 B 0.040 B -0.005 B 0.0182 * 0.094 0.153 + 0.090 -0.048 * 0.081

0.028 A 0.029 A 0.019 A

(d) u = 1ln (Wt/Wo) / (Tt - To)

Where Wo is the initial dry weight at To = O, and Wt is the dry weight at successive time periods.
(B) u = 1ln (W2/Wl) / t

Where W2 and W1 are the dry weights at successive time periods. (where t = 2 days)
(C) Hunt program use 1 knot (n = 10, C.L.)




TABLE 4.2. Observed maximum relative growth rates (R.G.R.) for Ulva sp.
(The R.G.R. values cited are maximum for the experiments or
field observations but not all the experiments were designed
to determine the maximum R.G.R. possible).

R.G.R. day—1 Parameter measured Ulva species Reference

0.125 dry weight (a) U. fasciata Rice 1984

0.250 dry weight (b) U. lactuca DeBusk et. al. 1986

0.257 fresh weight (c) U. rigida Kelly 1980

0.243 fresh weight (d) U. fasciata Lapointe and Tenore 1981

0.078 fresh weight (a) U. curvata Rosenburg and Ramus 1981
or rigida

0.053 fresh weight (a) U. curvata Rosenburg and Ramus 1982a
or rigida

0.086 fresh weight (a) U. curvata Rosenburg and Ramus 1982b
or rigida

0.093 fresh weight (a) U. lactuca Fujita 1985

0.083 area (c) U. lactuca Steffensen 1976

0.094 area (c) U. stciata Oza and Rao 1977

0.23 area (a) U. lactuca Fortes and Luening 1980

0.209 area (d) U. lactuca Vermaat et. al. 1987

0.255 disk diameter (e) U. lactuca Parker 1981

(a) Converted to R.G.R from 100 x R.G.R.

growth rate).
(b) Converted to R.
(c) Converted to R.

time period.

(d) Converted to R
{e) Converted to R.

[P N0)]

oo

. from doublings per day.

(sometimes called specific

. from yield and density values.
. from percentage increases over a known

R
R. from compound interest percentage rates.
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treatments was inhibited by some other factor apart from the D.B.L..
This assumes that the assumptions of Equation 4.5 apply to the
experimental conditions used. The assumptions, that the experimental
conditions result in the growth being at a steady state (constant
R.G.R.) and dependent on the external nutrient conditions obviously did

not hold. These problems will be further expanded in Section 4.2.4..

4,2.2. THE EFFECT OF Rt ON THE PHOSPHATE UPTAKE OF GROWING DISKS

The inabilty to find a significant difference in growth rate
between water velocities might be caused by similar uptake rates. Note
that uptake was measured over long time periods and therefore takes into
account both influx and efflux, and in this context refers to the net
increase or decrease in total phosphate. The general trend in Figure
4.5a was that for Growth-2 and Growth-4 there was no net change in total
phosphate per disk implying that no uptake of phosphate occurred for the
duration of the experiment. This was confirmed by the decrease in total
phosphate when expressed per g dry weight (internal concentration),
which takes in to account the growth of the disks with time (Figure
4.5b). The response exhibited by the Growth-~1l treatment was slightly
different from the other two. Figure 4.5a shows an initial negative
change in the net +total phosphate per disk for Growth-1, and a
consequent decline in the internal total phosphate concentration, which
was partly obscured by the large variation around the mean. The general
response from the initial to the final measurement was similar to the
other two treatments on a per disk and per g dry weight basis.

As mentioned in Chapter 3, previous research has found that efflux
was negligible compared to influx at low values of [Pilb (Perry, 1976;
Schjorring and Jensen, 1984a). The possibility exists that in response

to cutting the integrity of the remaining cell membranes was reduced.
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The ratio of dry weight to fresh weight for all treatments remained
approximately constant for the experimental duration indicating that any
changes in cell total phosphate concentration were not being influenced

by changing cell volume (Figure 4.6).

4.2.3. THE EFFECT OF Rt ON THE GROWTH CAPACITY (STATUS)

Figure 4.7a shows that total chlorophyll per disk remained
relatively constant for the experimental duration, except for the
Growth-4 treatment in the last six days. This indicates that no more
pigment complexes were being synthesised which was reflected in the
decline of total chlorophyll per mg fresh weight (Figure 4.7b). What
must have occurred, was a redistribution over time between the cells of
the initial pigment complexes indicating that either some nutrient was
limiting pigment synthesis or that the cells conserved their metabolic
energy by decreasing the amount of energy used for pigment synthesis.
For the fastest water movement treatment (Growth-4) the general response
was similar until day eight when a sudden increase in the synthesis of
pigments occurred. The increase was great enough that the concentration
of pigment on a fresh weight basis increased (Figure 4.7b). A possible
explanation for this might be obtained from the nitrogen data (Table

4.3).

TABLE 4.3. Nitrogen data from C.H.N. analysis for the initial and
final time measurement periods (errors were 95% confidence

limits).
Nitrogen [%N g_1 (dry weight)]
Initial (t = 0) 2.21 + 0.21 (n = 8)
Growth-1 (t = 14 days) 2.45 + 0.44 (n = 8)
Growth-2 (t = 14 days) 2.89 + 0.18 (n = 9)

Growth-4 (t = 14 days) 3.56 + 0.21 (n = 10)




DW,/EW. 10° Ratio

40 -

36
32
= -
28
24 -
20 1T —T T T T T T T T T T T
o 2 4 6 8 10 12 14
Time /days

Figure 4.6. Dry weight to fresh weight ratio versus time (n = 10, C.L.).
The symbols are the same as Figure 4,2a.



24+
A
- 20~
-
»
:a -
> 164
Q
e
= 4
=
O 12
s
E -
g 84
4_
O“ T r T T T 17 7 7T 1T 1771111}
0 2 4 6 8 10 12 14
2.0+
B B Time days
- 1.5
2 -
w 4
'Tm .
> 10-
a .
)
- o
o
T': -
E -
~— 0.5_.
o
E =
0 -

Time days

Figure 4.7. (A) Disk total chlorophyll versus time (n = 5, C.L.). The
symbols are the same as Figure 4.2a.
(B) Total chlorophyll concentration (F.W.) versus time
(n =5, C.L.). The symbols are the same as Figure 4.2a.



81.
This shows that the fastest water movement treatment had an appreciable
increase in nitrogen compared to the other treatments. Previous research
has shown that under growth limiting conditions marine macroalgae have
the capability to store surplus accumulated nitrogen as pigments (Gantt,
1981; Gordon, Birch and McComb, 1981; Lapointe, 1981; Ryther, Corwin,
Debusk and Williams, 1981; Bird, Habig and DeBusk, 1982; Rosenberg and
Ramus, 1982a; Ramus, 1983; Dawes, Chen, Jewett-Smith, Marsh and Watts,
1984; Shivji, 1985). This fits in with the observation that disks in the
Growth-4 treatment were appreciably greener in colour, and Ramus (1983)
has pointed out that colour can indicate the nitrogen status of
macraoalgae. The ability to utilize the stored nitrogen in the increased
pigmentation for future growth differs for different macroalgae (Shivji,
1985) . The increased pigment content in Ulva has been shown to reflect
an increased growth capacity (Lapointe and Tenore, 1981; Ramus, Beale
and Mauzerall, 1976). Therefore, the results suggest that the
experimental plants had the capacity for an increased growth rate but

were being limited by some other factor.

4.2.4. EXPERIMENTAL LIMITATIONS

By combining different experiments done under the same conditions
it would be possible to determine more accurately the growth rate
response to the different treatments. However, experiments done under
the same conditions while producing the same general response have large
differences in growth rates which makes comparison impossible. An
attempt to compare experiments was done by assuming that the total
chlorophyll concentration reflected the initial growth capabilities, and
using it as the covarient in an analysis of covariance (Sokal and Rohlf,
1981) . However the data did not comply with the assumptions of such
analysis, because the total chlorophyll concentration did not adequately

reflect the growth capacity. This means that other measures of the
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initial growth capacity status are needed before such an analysis can be
done. Before this can be done a more complete understanding is needed of
the internal factors that influence growth.

The use of the Hunt program to smooth and fit confidence limits to
the raw data results in a subjective influence in determining the
position of any change in R.G.R. by selecting the program knot
positions. The method for positioning the knots was to examine the raw
data for any large changes in growth rate, and the knots were positioned
accordingly. For the present work a single knot was determined for the
inflection of the data at the end of the initial lag phase in growth. A
further problem with the Hunt program was an increased variance at the
ends of the experimental time period. This makes it difficult to achieve
a significant difference between treatments for the final time period,
and leads to the rejection of a significant difference in the data when
the converse was true (a Type 2 error, Sokal and Rohlf, 1981) . Poorter
and Lewis (1986) have pointed out that this thickening of the confidence
limits at the beginning and end of the fitted curve lacks any biological
meaning. To overcome this a subjective decision was made to ignore the
final values where nonsignificance occurred if the previous time periods
were significantly different.

The single nutrient limiting theory predicts that the growth rate
will be directly related to that nutrient which was in the least supply
(Droop, 1973). Kunikane, Kaneko and Maehara (1984) concluded that the
single nutrient limiting theory only applies when the concentration of
the other nutrients were large compared to the limiting nutrient, and
optimal for the plant's maximum R.G.R. Conversely, the "multiplicative
effect is a principle that the growth is dependent on the concentration
of all suboptimal nutrients which might be exerting influence
simultaneously" (Kunikane, Kaneko and Maehara, 1984). To determine the

relationship between [Pilb and the D.B.L. the experimental design used
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attempted to create the situation whereby the limiting nutrient theory
applies. It was thought that this was more likely to show the
relationship under study and was simpler to model. If the multiplicative
effect was affecting the growth response then it was difficult to
determine the quantitative relationship between the experimentally
limited nutrient and the growth rate. That was because the other
suboptimal nutrients were having an unknown effect on this relationship.
The results indicate that the possibility exists that this situation was
occurring in this experiment making it difficult to achieve a
significant difference between water movement treatments. The pre-
conditioning conditions were suitable for maintaining healthy plants but
the rate of growth was lower than in other studies (Table 4.2). The
filtered seawater contained no added nutrients so that all nutrients
were reduced internally. Even when added nutrients were used for the
experiment, in the beginning the plants would be responding according to
the multiplicative effect.

Alternatively, the preconditioning process might have been
inadequate to achieve a growth state whereby the plants were dependent
on the external phosphate as the limiting nutrient. The aim of the
preconditioning was to reduce the internal phosphate concentration
levels within the cells so that growth was dependent on the rate of the
limiting nutrient taken up through the D.B.L. and membrane. The
preconditioning conditions maintained the health of the plants but did
not produce conditions suitable for growth, and therefore the plants
would be maintaining their internal concentrations. Steffensen (1976)
has pointed out that two weeks of preconditioned growth of Ulva lactuca
in low nutrients was insufficient to reduce the internal concentrations
of phosphorus and nitrogen. Equation 4.1 depends on the internal and
external concentration of the limiting nutrient being in steady state.

Because uptake can exceed the rate of growth usage, a surplus internal
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nutrient concentration can be achieved (luxury consumption, Gerloff and
Krombholz, 1966). It would then be possible for the plant to maintain
its growth rate without being dependent on the limiting effect of the
D.B.L.

Ulva australis disks grow by diffuse cell expansion (Rosenberg and
Ramus, 1981) so all cells should be responding to the D.B.L. and not
just the peripheral cells. This was important because the use of =zinc
disks to derive the values of Kt assumed that the acid reaction was
constant over the surface. Therefore the values of Kt should apply as
well for growth as they did for influx. Previous research on the use of
disks for experimental purposes gives contradictory evidence on their
validity when compared to whole plants. Wheeler (1979) found that
methylamine influx was reduced by up to eighty percent when using tissue
segments of Macrocystis pyrifera compared with whole plants. King and
Schramm (1976) concluded that disks did not accurately represent the
normal situation, with regard to photosynthetic rates, for whole plants
of Fucus vesiculosus and Laminaria digitata. In contrast Drew (1983)
showed that disks of Laminaria were a realistic way to measure their
physiology. Hatcher (1977) found that respiration of freshly cut tissue
segments of Laminaria longicruris was 23 to 48% higher than segments
that had been allowed time to recover from the cutting process. After 10
to 16 hours the recovery response had saturated with no further decrease
in respiration. Hatcher (1979) also showed that while short term
respiration measurements were affected by using disks 1long term
measurements of net photosynthetic rates were not. The general
conclusion appears to be that if disks were used immediately then they
would not represent the response achieved for whole plants, as they
require time to recover from the injury. Also, the longer the
experimental duration is the more accurately will disks reflect the
whole plants. The significance for the methodology used here for

U. australis was that disks should be an accurate reflection of how
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whole plants would respond both quantitatively and gqualititatively. Also
attributed to the use of disks, by Hatcher, (1979), was a significant
increase in the variability of metabolic measurements. This was
attributed to the non-uniform nature of the tissue between different
disks. The results presented for U. australis also show a large variance
around the mean which could be reduced by selecting more uniform tissue.
This was the rationale behind the two cut method (see Section 2.5.3.2)
that, by selecting only disks that had grown to specific criterion would

reduce this variabilty.

4.3. CONCLUSIONS

The important experimental finding was that to achieve a
reliance of growth on the external phosphate concentration, and
thereby showing the effect of the D.B.L. resistance, it was
necessary to use a more defined preconditioning process. The
experimentally measured large variance and lag in growth rate for each
water movement treatment resulted in no signficant difference between
treatments for growth. If the experimentally determined lag was not an
experimental artifact U. australis plants growing in the field under low
water movement and growth conditions (e.g. calm turbid low nutrient
seawater), would have a considerable lag phase before they could utilize
any change in conditions. This lag response appears to be controlled by
the low growth rate and low growth capacity of the plants. The
importance to the plant of their previous water movement history, in
determining their effect to increasing water movement will be tested in
the next chapter.

The application of Equation 4.1 was found to be incorrect
in this experimental context as the formula does not take into
account the variable growth associated with the declining
internal phosphate concentration. This needs to be incorporated

into the relationships describing the effect for the D.B.L. on

growth rate.
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CHAPTER 5. THE RELATIONSHIP BETWEEN UPTAKE, INTERNAL PHOSPHATE
CONCENTRATION AND WATER MOVEMENT, AND THEIR EFFECT ON THE

GROWTH RATE OF U. australis

5.1 INTRODUCTION
When the growth rate is at steady state, the rate of limiting

nutrient taken up is equal to the amount used in growth. Under this
condition

V = uQ Equ-5.1
where Q was equivalent to the internal nutrient concentration (mol g—l).
For the terminology used by researchers working on phytoplankton Q is the
cell quota. Equation 5.1 predicts that for a constant uptake both p and Q
will be constant, and their magnitudes will depend on the relationship
between p§ and Q. For the very limiting conditions under which Equation
5.1 applies then Equation 4.1 can be used to predict the effect of water
movement. Fuhs (1969), Muller (1970) and Droop (1973) have empirically
derived an expression for the relationship between Q and p, hence

U = umg(Q - go) A&Kg + (Q - go)) Equ-5.2
where umg is the theoretical asymptotic growth rate as Q Dbecomes
infinite, go is the minimum internal concentration at which the growth
rate is zero (subsistence quota), and Kg is the internal nutrient half
saturation constant for growth. The value of pmg is not equivalent to um
and the difference is related by the expression,

1/umg = 1/um - Kg/Vm Equ-5.3
therefore umq is larger than pm (Droop, 1973; Gavis, 1976) . In affect umg
is a mathematical abstraction as p can not exceed the value of um, and
arises from the lack of conditional limitations on the maximum value of
Q. The internal concentration in reality should be finite and reach a
maximum value (qgm). Previous research on Cladophora has found that for
inorganic nitrogen Q saturation did occur, and for phosphate only partial

saturation was found (Gordon, Birch and McComb, 1981).
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The concept gc is useful in determining when the nutrient is
limiting to growth, and is defined as the internal concentration at which
p/umg = 0.9. In affect it is a threshold limit below which growth will be
increasingly limited, and defines the internal nutrient condition when
the external D.B.L. resistance can inhibit growth rate.

Equation 5.2 by implication only applies when the nutrient is
limiting to growth, and therefore does not need to account for these high
internal valus of Q. Also Kq is mathematically equivalent to Q + go when
i = pmg/2 and therefore is not a true, (in the mathematical sense) half
saturation constant.

Droop (1973) and Rhee (1973) experimentally determined that Kq = qo,
therefore Equation 5.2 can be simplified to a hyperbolic curve,

p = umg(1l - (qo/Q) Equ-5.4
hence if Q = 2qo then p = umg/2. The shape of Equation 5.4 is similar to
that for the Briggs-Haldane equation, and the initial slope is dependent
on the magnitude of the shift for go from zero concentration (Figure
5.1a). Previous research has shown that the rate of saturation differs
depending on the species of the limiting nutrient. Both phytoplankton and
macroalgae saturate their growth rate over a small range of inorganic
nitrogen (Droop, 1973; Gordon, Birch and McComb, 1981; Probyn and
Chapman, 1983). However, for phosphate the rate at which u increases to
its asymptote was comparatively slower for phytoplankton, though there
were marked species differences (Fuhs, 1969; Tilman and Kilham, 1976;
Brown and Button, 1979; Gotham and Rhee, 1981). Gordon, Birch and McComb
found that for the macroalga (Cladophora, the ratio qc/go was 2 and 6 for
inorganic nitrogen and phosphate respectively. The curve in Figure 5.la
is generated using umg = 0.2 day_1 and go = 20 umol g—l, and shows that
U reaches its asymptote at high internal concentrations. The relationship
between pQ (nutrient consumed by growth) and Q is linear, and can be used
to predict the magnitudes of Q and p for steady state growth at different

values of V (Figure 5.1b), also the slope is umg and the line intercepts
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the X-axis at go. Further, because Equation 5.4 relates p to Q and not
Cs, the use of this equation does not predict the possible influence of
water movement on growth rate. For example plants with the same value of
Q0 growing in different water movement environments would according to
Equation 5.4 have the same growth rate.

Requlation of growth rate by Q was intuitively not difficult to
comprehend considering the ability of algae to continue to grow on stored
nutrients when the external concentration was limiting. Luxury
consumption was defined by Droop (1973), and formulated by Brown and
Button (1979), as the ratio of Q when it was not limiting, to that when
it was limiting, Q/qo (where Q > gc). Previous research has found that
for the majority of marine macroalgae luxury consumption occurs for both
inorganic nitrogen and phosphate, and was important in determining their
seasonal productivity and persistence within their habitat (Chapman and
Craigie, 1977; Buggeln , 1978; Chapman, Markham and Inining, 1978; D'Elia
and DeBoer, 1978; Gordon, Birch and McComb, 1981; Morgan and Simpson,
1981; Ryther, Corwin, DeBusk and Williams, 1981; Bird, Habig and DeBusk,
1982; Rosenberg and Ramus, 1982; Dawes, Chen, Jewett-Smith and Watts,
1984; Rosenberg, Probyn and Mann, 1984; Rosell and Srivastava, 1984;
Wallentinus, 1984; Lapointe, 1985; Shivji, 1985).

To determine the effect of water movement on growth, if any, we need
a relationship for non-steady state growth incorporating the relationship
between Q and u (Equation 5.4) and the variation of Q with time. This
model requires two differential equations

(1/Wyaw/dt = umg(l - qo/Q) = u Equ-5.5
dg/dt = (1/W)dcb/dt - uQ Equ-5.6

where W is the dry weight, (1/W)dCb/dt is the rate of uptake (V) and can
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be substituted by the Briggs-Maskell equation (1). Equation 5.5
approximates the instantaneous growth rate to Equation 5.4. Equation 5.6
describes the rate of change in Q with time as a result of the balance
between uptake and growth requirements. By incorporating the
Briggs-Maskell equation for uptake, Equation 5.6 will take into account
variations in uptake as a result of variations in water movement. Note
that it is not necessary to displace the value of Q9 by go in the
expression uQ (Equation 5.6) as this displacement is incorporated into
the relationship between u and Q. It is possible to determine an
approximate solution for Q at a time interval At
02 = Q01 + (At)dQ/d4t Equ-5.7

where 02 and Q1 are the internal nutrient concentrations time At apart.

Equations 5.5 and 5.6 are conditional on the inequalities,

Vm >V > 0 Equ-5.8
pmg > 4 > O Equ-5.9
gc > Q > go Equ-5.10

where Equation 5,10 depicts the situation for the nutrient to be limiting
to growth, and limits the maximum flux for growth to Hmg.dc.

There are three possible outcomes from the mass balance Equation
5.6; firstly V > UQ results in a positive change in Q with time. There
are two possible reasons for this; (1) If the measured nutrient being
taken up is non-limiting to growth, even when @ is within the range
specified by Equation 5.10, Equation 5.6 cannot be used. The predicted
outcome would be for luxury consumption of the measured nutrient until

the growth conditions altered, (2) If the measured nutrient (Q) was

(1) The Briggs-Maskell equation cannot be used in this context becgEse
its units are incompatible with the units of dg/dt (mass mass time 7).
Therefore, the Briggs-Maskell eqqﬁFion was multiplied by the ratio of
surface area to dry weight (m~ g 7) to convert V to the same units as
dp/dt. Note, the surface area was doubled as phosphate was taken up on
both sides of the disks.
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limiting growth and an increase in the external nutrient concentration
occurred, the increased uptake would result in an increase in Q which
would consequently result in an increased growth rate. With time, uQ
would increase relative to uptake until dQ/dt was zero (steady state).
Clearly changes in the D.B.L. resistance will result in this equilibrium
being established at different magnitudes of Q and theoretically as a
result affecting the growth rate. Figure 5.2 depicts this situation given
the initial (t = 0) condition that Q = qgo therefore u = 0, the result was
an asymptotic decrease and increase in dQ/dt and uQ respectively.
Interestingly the time required for equilibrium to be established was
greater than expected given that the value of [Pilb was ecologically
relevant for growth limiting conditions. Experimentally this will result
in non-steady state growth conditions for the experimental duration.
Figures 5.3a and 5.3b show that both Q and growth rate will increase over
time at different rates for different values of Rt, and reach different
asymptotes.

Secondly, if V = yQ then by definition the system would be at steady
state, consequently dQ/dt would be zero resulting in a constant internal
concentration with time. This is the situation required for Equation 4.1
to be applicable and can occur at various values of Q. However,
realistically the value of Q must be such that it is significantly growth
limiting compared with the other growth nutrients. Graphically it is
possible to determine when this outcome occurs as a plot of V versus W
should be a straight line with a slope of one.

Finally, if uQ > V the rate of uptake is inadequate to supply the
nutrient at the rate of usage for growth,therefore, the internal nutrient
concentration decreases with time until it reaches a steady state, at
which time 1Q = V. In the case when the rate of uptake was essentially

zero {(e.g. the plant growth was dependent on its internal nutrient
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concentration), the plant's growth rate will decline to zero (Q = qo).
The time required for the sytem to reach steady state will be dependent
on the inital magnitude of Q, and the response would be the reverse of
that shown in Figure 5.2.

If Equation 5.6 was rearranged to make growth rate a function of
specific nutrient uptake and the specific rate of internal nutrient
change,

p=VvV/Q - (1/Q)dQ/dt Equ-5.11
therefore at steady state dQ/dt is zero and the growth rate can be
calculated from the specific nutrient uptake rate. At non-steady state
conditions (1/Q)dQ/dt can be approximated by,

(1/9)dQ/dt = 1n(Q2/Q1)/t2 - tl Equ-5.12
where Q2 and Q1 are the internal nutrient concentrations at tl and t2
respectively. However, this approximation can only be applied with any
degree of accuracy to the situation when the difference between Q1 and Q2
is small {a small time period).

The aim of the following experiments was to vary the initial
magnitude of Q, the dependence of growth on the measured nutrient
(phosphate) and water movement to determine the validity of Equations 5.5

and 5.6.

5.2. THE EFFECT OF WATER MOVEMENT ON GROWTH RATE WHEN ALL NUTRIENTS WERE

AT SUBOPTIMAL CONCENTRATIONS

5.2.1. RESULTS

The experimental method is as detailed for the two cut method in
Section 2.5.3.1. The experimental and preconditioning medium was filtered
seawater, which had a fresh phosphate concentration of 0.98 * 0.10 mmol
-3

m ~, and final concentration of 0.62 # 0.14 mmol m—3 (n = 18, standard

errors). The pH was 8.15 * 0.01, and prior to seawater replacement, the
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pH was 8.15 * 0.03 (n = 18, standard errors). Growth-1 and Growth-5 were
used for the experimental water movement treatments, to maximize the
difference in D.B.L. resistance. The R.G.R. (M) of the disks at the end
of the preconditioning period was 0.095 * 0.008 day—1 (Standard error).
For phosphate, do/dt declined at -18.7 pmol g—l s_1 during
preconditioning indicating that the rate uQ was greater than V (16.9 pmol
g_1 s_l at final time period) and as a consequence Q for phosphate
declined to a point where it was limiting to growth. Using Equation 5.11,
I was calculated as 0.093 (final Q for total phosphate was 32.9 Hmol g_l)
confirming the validity of the mass balance equation, and adding

additional evidence that phosphate was controlling the growth rate during

preconditioning.

5.2.1.1., GROWTH RATE

Figures 5.4, 5.5 and 5.6 show that there was a significant
difference in growth rate between the two water movement treatments. This
difference was more marked for the change in surface area compared to the
changes in either dry weight or fresh weight. There was a lag of between
6 and 9 days in the time it took for the significant difference in growth
between water movement treatments to occur (Figure 5.4). The dry
weight/fresh weight ratio declined with time for both treatments (Figure
5.7). Average R.G.R. in the slowest water movement treatment showed a
relatively constant decline over time (Table 5.1). The average R.G.R. was
calculated by taking the natural logarithm of the division of the average
dry weight (for each successive time period) by the initial average dry
weight, and dividing by the elapsed time in days. The Hunt program
analysis for this treatment shows that growth rate peaked between days
six and nine and thereafter declined to zero growth. However the growth-5
treatment had a similar growth rate (average value) for the first six

days as the Growth-1 treatment, but after that its growth rate increased
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with a slight decline at the end of the experiment (Table 5.1). The
instantaneous values of growth rate fitted using the Hunt program show a
more variable picture, with growth rate peaking at day nine and then

declining (Table 5.1).

-1
TABLE 5.1. R.G.R. (day ~) calculated using Hunt program and average
values using raw data.

Hunt Program (n =10) Raw Data Averages
Time days Growth-1 Growth-5 Growth-1 Growth-5
3 0.019 + 0.041 0.027 + 0.044 0.050 0.050
) 0.039 * 0.026 0.065 + 0.024 0.038 0.041
9 0.015 + 0.026 0.091 + 0.025 0.036 0.056
12 -0.048 * 0.043 0.032 + 0.045 0.020 0.059
15 0.034 + 0.121 -0.101 + 0.155 0.011 0.041
(Raw data averages calculated using = 1ln(Wt/Wo)/ At, where Wt was the

average dry weight at succesive time periods and Wo was the initial
average dry weight at time zero)

Significantly, the results were as predicted with increasing water
movement enhancing the growth rate. Also the results agree with the
limited previous research on the effect of water movement on the growth
rate of macroalgae (Matsumoto, 1959; Boalch, 1961; Conover, 1968;
Sperling and Grunewald, 1969; Santelices, 1977; Lapointe and Ryther,
1979; Parker, 1981, 1982; Thirb and Benson-Evans, 1982; Fujita and
Goldman, 1985). It has been suggested that the reponse may vary depending
on the species (Conover, 1968), 1light intensity (Santelices, 1977;
Parker, 1981, 1982) and nutrient concentration (Lapointe and Ryther,
1979; Parker, 1981, 1982; Fujita and Goldman, 1985). The results for U.
australis indicate that when the other environmental and physical
conditions were not limiting growth then the external nutrient
concentration, in particular the single most limiting nutrient, will

interact with the increased water movement to stimulate growth.
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Figures 5.8a,b show that the predicted response of py to Q, as shown
in Fiqures 5.la,b, was not observed. With a slight increase in Q for the
Growth-1 treatment, u declined, when an increase in p would have been
predicted (Figure 5.8a). A similar response occurred for the Growth-5
treatment with a greater increase in Q. Apparently for these experimental
conditions growth was not related to internal phosphate concentration,
but to some other limiting nutrient. Previous research has shown that for
marine algae that inorganic nitrogen was most likely to limit growth when
phosphate was non-limiting (Chapman and Craigie, 1977; Jackson, 1977;
DeBoer, Guigli, Israel and D'Elia, 1978; Gerard, 1982a,b; Dean and
Jacobsen, 1984; Smith, 1984; Fujita, 1985; Howarth and Cole, 1985). The
results from the C.H.N. analysis (Table 5.2) show that the percent
nitrogen per dry weight at the end of the preconditioning period was low
and comparable to nitrogen limiting values measured by Fujita (range of
nitrogen 1 to 3.59% dry weight for starved and non-starved Ulva lactuca
plants respectively, 1985). DeBusk, Blakeslee and Ryther (1986) found
that Ulva lactuca had a saturation internal concentration of nitrogen of
approximately 3.5% D.W. when plants were grown in seawater with added
ne . Fujita (1985) found that Ulva lactuca was nitrogen growth limited

4
for C:N ratio between 13.5 and 25.

TABLE 5.2. C.H.N data for final preconditioning and experimental time
period. Results expressed as % D.W.

Treatment Carbon Hydrogen Nitrogen Cc/N

Final preconditioning 32.6 £+ 0.2 4.60 + 0.16 1.82 + 0.03 17.9
(S.E. n = 16)

Growth-1 31.4 + 0.9 4.34 + 0.22 1.87 + 0.09 16.8
(S.E. n = 8)
Growth-5 31.7 + 0.3 4.44 + 0.10 2.90 + 0.07 10.9

(S.E. n = 6)

The results for the Growth-1 treatment show that the nitrogen
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concentration was constant, and remains within the range at which it can
limit growth (Table 5.2). The C.H.N. results for the Growth-1 treatment
indicate that at the start of the experiment nitrogen was potentially
growth limiting, and for the experimental duration dQ/dt for nitrogen was
approximately zero; therefore with respect to nitrogen the growth was at
steady state (Table 5.2). The increased water movement associated with
the Growth-5 treatment results in an increase in nitrogen quota with time
as would be predicted from the D.B.L. theory (Table 5.2), however
initially the Growth-5 treatment would be growth limited by nitrogen.
Collectively the results from the final preconditioning period, and the
experimental growth (Table 5.1) and C.H.N. data (Table 5.2) indicate that
under these growth conditions both inorganic nitrogen and phosphate were
growth limiting. Therefore the growth rate in each treatment will respond
as predicted by the multiplicative theory of growth (Kunikane, Kaneko and
Maehara, 1984).

Table 5.3 shows that for the Growth-1 treatment the R.G.R.
calculated using the steady state Equation 5.1 (for phosphate), was in
agreement with average R.G.R, apart from the value at day 3. Also, the
Growth-5 treatment attains steady state at day 12, and the two

alternative measures of R.G.R. were in agreement.

TABLE 5.3. A comparison of the predicted R.G.R. using the relationship
for growth at steady state (W = v/Q) versus measured R.G.R.

(days— ).
v/Q Raw Data Average
Time days Growth-1 Growth-5 Growth-1 Growth-5
3 0.009 0.099 0.050 0.050
6 0.040 0.094 0.038 0.041
9 0.030 0.072 0.036 0.056
12 0.021 0.054 0.020 0.059

15 0.021 0.058 0.011 0.041
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MacFarlane (1985) found that for Ulva rigida, the limitations of the
presence of a D.B.L. resistance on methylamine influx (analogue of
ammonia) were more pronounced than for phosphate. Therefore because both
inorganic nitrogen and phosphate were limiting growth in both treatments,
the observed response was a combination of both the inorganic nitrogen
and phosphate diffusion limitation which results in greater response to

water movement than that predicted for phosphate alone.

5.2.1.2. UPTAKE

Figure 5.9 shows a significant difference in internal phosphate
concentration (Q) between the two water movement treatments over time.
There was a significant increase in Q for the final time period (Figure
5.9) which correlates with an increased uptake for this time period
(Figure 5.10). Uptake was calculated by dividing the difference in
phosphate from the initial time period by the period of growth and
relating it to the surface area or dry weight at the final time period.
This method assumes that uptake was constant over the 24 hour light/dark
period. However previous research has shown that phosphate uptake was
decreased in the dark for algae (Raven, 1974a,b; Gordon, Birch and
McComb, 1981; Manley, 1985). In the dark, Raven (1974b) found that the
ATP required for uptake was supplied by oxidative phosphorylation which
from the research of Gordon, Birch and McComb (1981) and Manley (1985)
results in a 10 to 20 percent reduction in phosphate uptake for
macroalgae. This method of uptake calculation results in an average value
for both the 1light and dark periods. Assuming that there was not a
differential response to phosphate uptake in the dark between the growth
treatments, this method should measure the effect of the D.B.L.
resistance to phosphate uptake. However the results are difficult to
compare with short term phosphate influx measurements which do not

incorporate the effect of darkness on phosphate uptake.
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Figure 5.10 shows that there was a significant difference in uptake
(per unit area) between the two treatments. The uptake in the Growth-1
treament was relatively constant with time, however uptake in the
Growth-5 treatment varied with time, though generally showing a
consistency when averaged over time. The expected uptake based on the
Briggs-Maskell equation is shown in Figure 5.10, using the kinetic
parameters determined from the short term experiments in Chapter 3. As
predicted earlier in the previous discussion on the effects of darkness
on phosphate uptake, short term influx measurements gave an overestimate
of the actual uptake in the Growth-1 treatment (Figure 5.10). This effect
was not so pronounced in the Growth-5 treatment. The percentage
difference in uptake between the two treatments was only comparable to
the predicted difference from the Briggs-Maskell equation for days nine

and twelve.

5.2.2. CONCLUSION

Collectively the results show that, plants growing in seawater can
be significantly influenced by variations in water movement. However,
when more than one nutrient can limit growth the stimulation of growth
depends on the response of individual nutrients to water movement. The
magnitude of this response varies for each nutrient depending on the
external transport processes.

The two cut method reduced the measurement errors of all parameters
as a percentage of the mean compared to the parameter measurements in
Chapter 4. This resulted from a more uniform growth material at the start
of the experiment and the use of greater replication. However, the lag in
growth observed in Chapter 4 was also observed for the Growth-5 treatment
(Figure 5.4), indicating that this lag affect probably can be attributed
to the physical damage and trauma caused to the peripheral cells of the

disk when cut. Therefore the lag time constitutes the time required to
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overcome the initial wounds on being cut. This lag response was not
apparent in the Growth-1 treatment,most likely because its growth rate
was being influenced to an equivalent or greater extent by nutrient
limitation.

The next section examines the effect of water movement on growth

when only one nutrient (phosphate) limits growth.

5.3. THE EFFECT OF WATER MOVEMENT ON GROWTH RATE : PLANTS
PRECONDITIONED IN A.S.W. AT OPTIMAL NUTRIENT CONCENTRATIONS

MINUS PHOSPHATE

5.3.1 RESULTS

The experimental method used was the two cut method.The two water
movement treatments were Growth-1 and Growth-5. The disks were
preconditioned in the Growth-5 water movement chamber. A.S.W. was used
for both the preconditioning and experimental periods. During
preconditioning Hoagland's solution minus phosphate was added as
described in Section 2.2.4.. The experimental medium was the same as used
for preconditioning except that phosphate was added to give a final
concentration of 1 mmol m_3. This concentration was chosen as previous
experiments had shown that significant growth occurred while phosphate
was still growth limiting. The pH was 8.20 initially and 8.28 * 0.03
(S.E.) prior to replacement. The reasoning behind using A.S.W. for the
experiment was that it allowed for a more controlled experimental medium
and therefore all nutrient concentrations were controlled.

The average R.G.R. for the preconditioning period was 0.107 day_l.
Phosphate concentration declined at a rate (dQ/dt) of -31.9 pmol g—l s_l,

. -1
and the final value of Q for phosphate was 29.68 umol g (D.W.).
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5.3.2. GROWTH

Figures 5.11 and 5.12 show a significant difference in growth
between the two treatments. The growth response to increased water
movement was more pronounced when measured on a surface area basis
(Figure 5.11) than compared to the dry weight results (Figure 5.12). The
average R.G.R was approximately constant in the Growth-5 treatment, but
the Growth-1 treatment showed an initial lag in growth rate and a decline
for the last time period (Table 5.4). The Hunt program shows a similar
trend in R.G.R. for the two treatments. One of the problems associated
with the Hunt program was that for short duration experiments with few
time intervals and variable growth rate discontinuities could not be
smoothed out without predicting a large error. The reason for this was
that the program was not subjective in its response to the variable
growth rate and attempts to fit as few changes in growth rate as possible

to the data.

TABLE 5.4. R.G.R. (day_l) calculated using the Hunt program or average
method based on initial time period dry weight.

Hunt Program (n = 10) R.G.R. Raw Data Averages
Time (4) Growth-1 Growth-5 Growth-1 Growth-5
2 0.020 + 0.047 0.084 * 0.046 0.006 0.055
4 0.038 + 0.046 0.066 + 0.029 0.023 0.069
6 0.047 + 0.137 0.037 * 0.045 0.032 0.062
8 -0.145 * 0.380 0.088 + 0.135 0.017 0.061

Results from the C.H.N. analysis are summarized in Table 5.5. These
indicate that for the experimental duration nitrogen was within the range
previously predicted where growth rate is not limited. This is based on
the C/N ratios. The measured nitrogen values for the Growth-1 treatment
were less than those for the Growth-5 treatment for all but one of the

time periods (day 4). Thus the response to water movement variation in
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Figure 5.11. The relationship between disk surface area and time for the Growth-1 (m) and
Growth-5 (A) treatments (Hunt program, n = 15, C.L.).
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Figure 5.12. Changes in disk dry weight versus time. The symbols are the same as Figure 5.11.
(Hunt program, n = 10, C.L.).



TABLE 5.5. C.H.N. data, results expressed as % D.W. (Standard errors,

n = 5).
Treatment Time (d) Carbon Hydrogen Nitrogen C/N
Final Precondition 0 32.2 # 0.9 4.47 £ 0.07 2.98 * 0.12 10.8
Growth-1 2 32.7 + 0.3 4,76 £ 0,05 3.05 + 0.04 10.7
Growth-5 2 32.9 + 0.3 4.73 + 0.04 3.74 % 0.08 8.8
Growth-1 4 32.7 + 0.5 5.19 + 0.19 3.58 + 0.14 9.1
Growth-5 4 31.8 + 1.0 4.64 *+ 0.08 3.58 = 0.07 8.9
Growth-1 6 31.5 + 0.3 4.68 + 0.06 3.34 + 0.04 2.4
Growth-5 6 32.5 + 1.1 4.29 + 0,13 4.28 * 0.18 7.6
Growth-1 8 31.8 + 0.5 4.64 + 0.05 3.76 * 0.10 8.5
Growth-5 8 32.6 + 0.3 4.76 ¥ 0.04 4.11 * 0.07 7.9
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the two treatments resulted in a differential ability to take up nitrogen
even when it was not predicted to be growth 1limitirng. This was in
agreement with the response predicted by the D.B.L. theory. The
ecological implication was that when nitrogen does become limiting to
growth the increased nitrogen accumulation attributed to the faster water
movement treatment will delay for a longer period any growth reductions.

Figure 5.13a shows that the total chlorophyll per disk doubles
within the Growth-5 treatment, however on a concentration basis it was
relatively constant (Figure 5.13b). The Growth-1 treatment results show a
decline in total chlorophyll on both a per disk basis and per gram fresh
weight (Figures 5.13a,b). Collectively the C.H.N. and total chlorophyll
results indicate no correlation between increasing nitrogen and
chlorophyll. For example the large increase in total chlorophyll (per
disk and per g fresh weight) between days two and four for the Growth-5
treatment was associated with a decline in the nitrogen concentration
(Table 5.5, Figure 5.13a,b). This contradicts the previous assertion made
in Chapter 4 that nitrogen can be stored as pigments.

The experimental results presented in this section indicate, given
the low phosphate concentration at the start of the experiment, that the
growth rate was being controlled by a single limiting nutrient, namely
phosphate. This was confirmed by plotting R.G.R versus Q for phosphate
(Figure 5.14a). This conforms to the predicted shape of the Droop model
of internal nutrient control of growth for a single limiting nutrient
(Equation 5.4). A plot of R.G.R. Q (uQ) versus Q also shows a straight
line with the slope, equivalent to umg, equal to 0.139 day_l, and
intercepts the X-axis (go) at 32.7 umol g"1 (r2 = 0.90, Figure 5.14b).
Figure 5.l14a also shows the fit of Equation 5.4 using the values of umg
and go derived from Figure 5.14b. At the lower values of Q there was a
greater discrepancy between the fit which was associated with the values

measured from the Growth-1 treatment, in comparison the Growth-5 results

were a comparatively good fit to the predicted response.



ug (Total Chlorophyll) disk™
o
1

8 - = T T T T T T T 1
0 2 4 6 8
Time /days
1.8 B

'T,_\' 1.6 -

3

i ol

~ 14 -

=

- =l

&

N 1.2 -

e

5 i

5 10-

o

E i

o

E 0.8 -

0.6 - I T T T T T T T 1
0 2 4 6 8
Time /days

Figure 5.13. (A) Changes in total chlorophyll per disk with time.
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The symbols are the same as Figure 5.11 (n = 5, C.L.).
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regression (slope (umg) = 0.139 day and the X-axis
intercept (qgo) = 32.7 umol g = D.W.)
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Using Equations 5.5, 5.6 and 5.7 it was possible to predict tHe g '

response to water movement for the two treatments. Figure 5.15 shows that
the predicted change in dry weight with time was an approximate fit for
both treatments. Because the initial experimental value of Q was lower
than the calculated go this situation equates with the outcome predicted
from Equation 5.6 for V > yuQ. Initially the growth rate is zero according
to the model and as dQ/dt increases in relation to V, the growth rate
progressively increases until equilibrium is established between uQ and
V. At this time according to Equation 5.11, V/Q = p and the system is at
steady state. The model predicts that this time period is reached
asymptotically and occurs approximately after 15 days. Table 5.6 shows
that the system did not reach steady state (p does not equal V/Q). The
model predicts the constant decline in V/Q, which will reach equilibrium
with p when the p was approximately 0.057 and 0.080 day_1 for the

Growth-1 and Growth-5 treatments respectively.

TABLE 5.6. Comparison of p calculated from the changes in dry weight and
from the measured uptake and quota.

v/Q R.G.R. Raw Data Averages
Time (d) Growth-1 Growth-5 Growth-1 Growth-5
2 0.134 0.257 0.006 0.055
4 0.063 0.166 0.023 0.069
6 0.059 0.111 0.032 0.062
8 0.057 0.084 0.017 0.061

5.3.3. UPTAKE

Figure 5.16 shows that there was a significant difference in Q for
phosphate between treatments with time, but the difference was decreased
at the final time period. The rate dQ/dt (slope) was initially constant,

for the Growth-5 treatment peaks at day four and thereafter a negative
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The relationship between the raw data averages (n = 10, C.L. from Figure 5.12) and
the predicted changes in dry weight calculated using Equations 5.5, 5.6 and 5.7 (Top
curve is the Growth-5 treatment and the bottom curve is the Growth-1 treatment) . The
symbols are the same as Figure 5.11.
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Figure 5.16. Internal total phosphate concentration (Q, D.W.) versus time (n = 10, C.L.). The
symbols are the same as Figure 5.11.
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rate was observed (Figure 5.16). The rationale for this response was that
initially uptake (V) was greater than the rate of phosphate usage by
growth (pQ), which after day four was reversed. The model for dQ/dt, from
Equation 5.6, predicts the decline in dQ/dt with time. However, the lower
asymptote value according to the model would be zero when equilibrium was
established, and this was contrary to the observed results (Figure 5.16)
of treatment Growth-5. A possible explanation for this decline comes from
the calculated uptake rate for each treatment with time. Figure 5.17
shows that in both treatments there was a decline in uptake with time,
although this was less pronounced in the Growth-1 treatment, being
restricted to the first time period only. Considering the constant
external concentration of phosphate this suggests that the increasing
internal phosphate concentration was in some way having a negative
feedback effect on phosphate uptake.

Figure 5.18 shows that uptake calculated on a dry weight basis, has
no significant trend with Q. There was a general trend for an increase in
uptake with increasing Q. This however ignores the previous internal
phosphate concentration, as uptake was averaged over the time period and
Q represents the concentration of phosphate at the end of each time
period. This was better represented by Table 5.7, which shows that the
high uptake correlates with the initial low Q at the end of the
preconditioning period. For the Growth-5 treatment, where the most
dramatic uptake response occurred, the uptake declined by one third with
time as Q increased.

The influx predicted from the Briggs-Maskell equation for [PilDb
equal to 1 mmol m-3, was 38 pmol g_1 s—1 and 74 pmol g—1 s_l for Growth-1
and Growth-5 respectively (vm = 220 pmol g—l s—l, Km = 1.5 mmol m_3 data
from Chapter 3). Table 5.7 shows that the maximum uptake for the Growth-5
treatment was twice that predicted from the influx experiments. Also,

Growth-1 showed a similar large maxima compared to the influx results.
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Figure 5.17. Phosphate uptake versus time (n = 10, C.L.). The symbols are the same as Figqure 5.11.
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TABLE 5.7 Comparison of phosphate uptake measured per unit area and per
unit weight, and internal phosphate concentration (Q,
errors are 95% confidence limits).

Uptake (area) Uptake (D.W.) 0

Treatment Time (d) nmol m-_2 s.1 pmol g-_1 s_l umol g_1

Final Precondition 0 negligible uptake, [Pilb = 0O 29.68 + 2.6
Growth-1 2 0.54 + 0.16 59.57 + 19.0 38.16 +* 0.3
Growth-5 2 1.37 +# 0.18 152.12 + 17.7 51.07 + 1.4
Growth-1 4 0.24 + 0.07 26.50 + 7.5 36.49 + 2.5
Growth-5 4 1.03 + 0.13 122.88 * 12.6 63.87 + 0.8
Growth-1 6 0.24 * 0.10 25.24 * 11.2 36.49 + 2.8
Growth-5 6 0.68 * 0.09 76.49 + 8.8 59.55 + 3.1
Growth-1 8 0.26 * 0.08 29.40 + 9.6 44.65 * 5.3
Growth~-5 8 0.47 + 0.11 51.60 * 11.8 53.10 + 2.9

Table 5.7 also shows that the uptake declined to a value below that
predicted by the Briggs-Maskell equation.

This explains the variation observed in the fit of the model for
Equations 5.5, 5.6 and 5.7 as shown in Figure 5.15. The model assumed
that the influx results of Chapter 3 could be used to predict the rate of
uptake with growth. The initial high growth rate in the Growth-5
treatment (Figure 5.15) correlates with the higher than predicted
phosphate uptake. Previous research has shown that algae starved of
nitrogen or phosphate display an increased short term affinity for the
limiting nutrient (Rhee, 1973; Chen, 1974; D'Elia and DeBoer, 1978;
Gotham and Rhee, 1981; Ryther, Corwin, DeBusk and Williams, 1981; Probyn
and Chapman, 1982; Parslow, Harrison and Thompson, 1984a,b, 1985; Fujita,
1985; Thomas and Harrison, 1985). This increased affinity for phosphate
when the plants were starved of phosphate interacts with the model

proposed for the equilibrium between the D.B.L. uptake and growth.
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5.3.4. CONCLUSION

The main point made was that the growth of phosphate starved plants
could be modelled using the Droop equation (Equation 5.4). A model
between the interaction of the D.B.L., uptake, internal concentration and
growth gave an approximate fit to the observed results. However, this
model needed to be modified to take into account the interaction between
the internal limiting nutrient concentration and the variation in uptake
kinetics. A further point was that it was difficult to model the
interaction of the physical and metabolic factors without a complete
understanding of how they interact.

Logistically, the use of A.S.W. for growth experiments was difficult
because of the large volume required (approximately 300 litres),
therefore it was restricted in its use to only a limited number of growth
experiments. Nevertheless, the results have shown that by manipulating
the nutrients it was possible to make phosphate the single limiting
nutrient. This can also be achieved using seawater.

The next section examines the possibility of growth limitation by

carbon.

5.4. THE EFFECT OF WATER MOVEMENT ON GROWTH RATE: PLANTS PHOSPHATE
STARVED AND BUBBLED WITH CO2
5.4.1. RESULTS
Disks were preconditioned in seawater with Hoagland's minus
phosphate. Four growth chambers and two water movements (Growth-1 and
Growth-5) were used for the experiment, and disks were also grown in
Growth-5 for pretreatment. For each water movement chamber one was
bubbled with air as usual while the other was bubbled with air plus a 1%
air mixture. Total inorganic carbon in the CO2 unenriched medium was

2
2.2 £ 0.04d mol m 3, and in the CO2 bubbled medium it was 2.5 + 0.2
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mol m_3 (S.E., see Section 2.2.6. for methods). Additional buffer was
added to each treatment using 10 mol m_3 TAPS (Zwitterionic buffer, pKa
8.4 at 25°C) to compensate for the acidifying effect of the additional
Co,. Initially pH was 8.24 * 0.07 and [Pilb was 0.37 + 0.09 mmol n 2,
prior to seawater replacement the pH was 8.30 % 0.11 and [Pilb was 0.17 *
0.12 mmol m_3 (S.E.). Essentially the experiment and preconditioning

conditions were set up to make phosphate the single growth limiting

nutrient.

5.4.2. CO2 EFFECT ON GROWTH STIMULATED BY WATER MOVEMENT

Figure 5.19 shows that there was a significant difference in growth
between the water movement treatments for the final two time periods. It
also shows that the addition of CO2 did not stimulate the growth rate for
each water movement treatment. A similar response was observed for growth
measured as dry weight increases Figure 5.20, although the response was
not as significant as that observed in Figure 5.19. The initial internal
concentration of phosphate was 30.1 % 2.3 umol g_l (D.W.) and by day
eight had reduced to 15.2 * 0.8 and 20.4 + 1.2 umol g—l (S.E.) for the
Growth-1 and Growth-5 treatments respectively (the non-enriched and CO2
enriched treatments have been combined for each water movement).
Significantly the results indicate that CO2 was nonlimiting to growth for
conditions when phosphate was depleted internally.

DeBusk and Ryther (1984) found that for batch growth conditions (no
water flow or replacement) the pH increased to 9.5 which was associated
with low yields of Gracilaria. When additional CO2 or HCl was added
yields increased five fold. Previous research has found that aeration
increases productivity in Ulva lactuca (DeBusk, Blakeslee, and Ryther,

1986) and Gracilaria (Ryther, 1983; Guerin and Bird, 1987). The general

point from these studies was that high productivity could be maintained
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Figure 5.19. Disk surface area versus time for the Growth-1 (0O) and Growth-5 (A) treatments with

added CO2, and the Growth-1 (m) and Growth-5 (A) treatments with no added CO2
(n = 15,7C.L.).
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Figure 5.20. Disk dry weight versus time (n = 10, C.L.). The symbols are the same as Figure 5.19.
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with aeration periods of less than 24 hours (Guerin and Bird, 1987) or
even with 15 minute pulses for a total of only six hours per day (Ryther,
1983) . MacFarlane (1985) found that at the pH of seawater (8.0 - 8.2) the
effect of the D.B.L. on CO2 uptake for Ulva rigida was slight due to the
enhancement of HCO3_ uptake. These results are in agreement with the
present results, indicating that the large volume of seawater compared to
the small biomass of U. australis in each growth chamber, and the daily
replacement of medium was sufficient to minimize the effects of pH or

carbon limitation on growth.

5.4.3. CONCLUSION

The main conclusion to be drawn from this experiment was that the
experimental conditions overcame any potential limitations of pH or
carbon limitation on growth. Nevertheless, more work needs to be done on
carbon nutrition, pH and aeration with the greater application of
aquaculture techniques for production of algae. This is also important
considering the high costs involved in maintaining the optimum nutrient
and flow conditions (Huguenin, 1976).

The next section examines the effect of preconditioning plants at
different water velocities and the effect on their growth rate. Short
term changes in influx with increased phosphate starvation is also

examined.

5.5. THE EFFECT OF WATER MOVEMENT ON GROWTH AND INFLUX: PLANTS

PRECONDITIONED AT DIFFERENT WATER VELOCITIES

5.5.1 RESULTS
Seawater with Hoagland's minus phosphate was used for both the
preconditioning and experimental period. The seawater had an initial

~3
phosphate concentration of 0.41 + 0.07 mmol m (s.E.) and a final
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concentration prior to replacement of 0.18 * 0.11 mmol m'_3 (S.E.). The pH
initially was 8.18 * 0.02, and finally 8.27 * 0.01 (S.E.). The two cut
method was used, and the water movement treatments were Growth-1 and
Growth-5. The disks were preconditioned in either the Growth-1 or
Growth-5 water movement chambers and then re-cut. Half the disks from
each initial pretreatment velocity were placed in alternate experimental
water movement treatments. For example disks pretreated in the Growth-5
treatment were subsequently grown in either the Growth-5 or Growth-1
treatments. The consequence of having different pretreatment regimes was
that the disks were not uniform in weight, phosphate concentration or
surface area at the start of the experiment.

The variation in surface area for re-cut disks between pretreatments
is difficult to explain considering that disks were all re-cut at the
game time with the same cork borer. The most obvious explanation is that
disks grown in the slower water movement had a tendency to curl up making
cutting them more difficult. The final average R.G.R. was 0.12 and 0.17
day_1 for the Growth-1 and Growth-5 pretreatments respectively. The large
growth rate was attributed to the high initial internal phosphate
concentration (103.4 # 5.0 Hmol g—l dry weight, S.E.). The final internal
phosphate concentration was 45.8 + 0.2 and 48.4 % 0.4 umol g'_1 (D.W.,
S.E.) for the Growth-1 and Growth-5 pretreatments respectively. The
initial experimental internal phosphate concentrations differed from the
final pretreatment results as a result of the cutting process. For the
initial experimental time period the values of QO were 45.1 = 1.3 and 46.1
+ 1.6 umol g-l (D.W., S.E.). for the Growth-1 and Growth-5 treatments
respectively. These initial values of Q were greater than the previously
determined value of go (32.7 umol g-l), indicating that the plants were
not completely starved of phosphate in both initial pretreatments. The
average uptake for the preconditioning period was 0.03 and 0.30 nmol m_2

-1
s for the Growth-1 and Growth-5 pretreatments.
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The C.H.N. results showed that the plants had a surplus of internal
nitrogen for growth (3.78 * 0.19 and 3.55 * 0.18 % D.W. for the Growth-1
and Growth-5 pretreatments respectively).

The initial pretreatment total chlorophyll concentration was 2.33 #
0.17 mg (total chlorophyll) g-1 (F.W.), and the final concentration was
2.28 + 0.13 and 2.41 * 0.15 mg (total chlorophyll) g—l (F.W.) for the

Growth-1 and Growth-5 pretreatments respectively.

5.5.2. THE EFFECT OF PAST WATER MOVEMENT HISTORY ON GROWTH RATE

Figure 5.21 (see Table 5.8 for explanation of terminology for each
treatment) shows, that as previously found, water movement has a
significant effect on growth. This effect was not as significant when
measured on a fresh or dry weight basis (Figures 5.22, 5.23), although
the same growth trend was apparent. However Figures 5.21, 5.22 and 5.23,
show that the past water movement history of the plants has a
differential effect in their response to water movement. The disks grown
in the Growth-1-1 treatment compared to those in the Growth-5-1 treatment
have a significant difference in growth rate measured on an area basis
(Figure 5.21). No such lag in growth was observed in comparison between
the Growth-1-5 and Growth-5-5, although there was a slight insignificant

lag between the two.

TABLE 5.8 Terminology for experimental treatments

Abbreviation Pretreatment Experiment
Growth-1-1 Growth-1 Growth-1
Growth-1-5 Growth-1 Growth-5
Growth-5-1 Growth-5 Growth-1

Growth-5-5 Growth-5 Growth-5
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Figure 5.21. Disk surface area versus time for the Growth-1-1 (O), Growth-5-1 (m), Growth-1-5 (A)
and Growth-5-5 (A) treatments (Hunt program, n = 15, C.L.).
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Figure 5.22. Disk fresh weight versus time. The symbols are the same as Figure 5.21 ( Hunt program
n = 15, C.L.).
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Figure 5.23. Disk dry weight versus time. The symbols are the same as Figure 5.21 (Hunt program
n =10, C.L.).
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day_1 (D.W.)] and instantaneous R.G.R.

TABLE 5.9. Avar R.G.
[m day {surface area)] calculated using the Hunt
program.
Treatments
Time (d) Growth-1-1 Growth-1-5 Growth-~5-1 Growth-5-5
D.W. Area D.W. Area D.W. Area D.W. Area
2 0.129 0.087 0.184 0.114 0.120 0.119 0.172 0.113
5 0.067 0.073 0.067 0.111 0.134 0.119 0.117 0.119
7 0.095 0.056 0.120 0.114 0.122 0.081 0.119 0.126
9 0.075 0.052 0.092 0.122 0.118 0.044 0.111 0.136
11 0.073 0.060 0.117 0.129 0.108 0.041 0.124 0.092
13 0.082 0.081 0.092 -0.287 0.099 0.073 0.096 -0.089
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The average R.G.R. (Table 5.9) was higher initially in all
treatments than previously observed, and can be attributed to the high
average R.G.R. measured in the pretreatments. Table 5.9 also shows that
the instantaneous R.G.R. calculated on an area basis, declined in the
Growth-1-1 and Growth-5-1 treatments while remaining approximately
constant in the Growth-1-1 and Growth-5-1 treatments The last day values
should be ignored for the Hunt analysis as the program has difficulties
determining the curve fit at the end of the time sequence (Poorter and
Lewis, 1986).

The high initial instantaneous R.G.R. for the Growth-5-1 treatment
compared to the Growth-1-1 treatment declines at approximately day seven
(Table 5.9). This decline was not associated with a marked difference in
O between these two treatments during the first two time periods (Table
5.10). Both the Growth-1-1 and Growth-5-1 treatments have a similar rate
of change in Q (d9/dt), as do the Growth-1-5 and Growth-5-5 treatments
(Table 5.10). Therefore the dQ/dt response to the change in D.B.L.

resistance was similar for each treatment with the same water movement.

TABLE 5.10. Internal phosphate concentration (Q, umol/g (D.W.), S.E.

n=7).
Treatments
Time (d) Growth-1-1 Growth-1-5 Growth-5-1 Growth-5-~5
0 45.1 + 1.3 45,1 +* 1.3 46.1 * 1.6 46.1 * 1.6
2 45.7 £ 1.0 55.4 = 0.8 47.7 * 1.4 59.8 =+ 1.1
5 34.4 + 1.4 51.8 £ 2.2 37.4 £+ 1.0 53.8 £+ 1.6
7 31.6 * 0.7 50.0 * 0.8 34.9 £ 0.7 54,4 + 0.7
9 30.1 * 0.5 41.1 * 0.7 28.6 * 1.0 42,2 + 1.0
11 28.0 £ 0.5 36.0 £ 0.6 23.4 £+ 0.5 35.5 + 0.8
13 22.9 * 0.9 32,5 + 1.2 21.6 + 0.6 35.2 + 0.6

Figure 5.24a shows a divergence from the relationship between U and
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Figure 5.24a. Average R.G.R. (D.W.) versus internal total phosphate concentration (Q, D.W.). The

symbols are the same as Figure 5.21. The curve was fitted using the Droop growth
equation.
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Figure 5.24b. Instantaneous R.G.R. (surface area) versus internal total phosphate concentration
(0, D.W.). The symbols are the same as Figure 5.21. The curve was fitted using the
Droop growth equation.
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Instantaneous R.G.R. (u) multiplied by Q (internal total phosphate concentration,

D.W.) versus Q. (1) Linear regression for all treatmenfs cgmblned, X-axis intercept
= go = 17.7 ymol g =, and the slope = umq = 0.177 day (r 0.88). (2) L1Tear

regression for tEe G owth-1-1 and Growth-5-1 treatments, qo = 19.95 umol g = and

ymg = 0.188 day (r = 0.86). (3) L1nea£ regression for the G owtg 1-5 and

Growth-5-5 treatments, qo = -1.5 umol g and ymgq = 0.114 day (r~ = 0.81).

The symbols are the same as Figure 5.21.
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Figure 5.26. Curves were fitted to the raw data average dry weights for each of the four growth
treatments using Equations 5.5, 5.6 and 5.7. The symbols are the same as Figure 5.21
(n = 10, C.L.).
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0 for all the treatments. The fit in Figure 5.24a was obtained from a
linear regression of Figure 5.25a, with uymg = 0.174 g g_1 day_1 and go =
13.6 umol g_1 (r2 = 0.73). The difference in growth rate between the
Growth-1-1 and Growth-5-1 treatments was more clearly depicted when the
instantaneous R.G.R. was plotted against Q. Figure 5.24b shows that gc
occurs at aproximately 35 pmol g—'1 which correlates with the decline in
growth for both the Growth-1-1 and Growth-5-1 treatments at approximately
days 2 and 7 respectively (Table 5.9). It also correlates with the
decline in instantaneous R.G.R. for the Growth-1-5 and Growth-5-5 at
approximately day 11 (see Figure 5.21 and Tables 5.9 and 5.10).
Therefore the decline in Q explains the decreasing growth rate in all
treatments, but it does not explain the difference in growth rate between
the two slower water movement treatments.

Application of Equations 5.5, 5.6 and 5.7, to predict the change in
dry weight with time for all treatments, shows that the growth model was
an approximate fit to the raw data (Figure 5.26). However the model
underestimates the growth in the Growth-5-1 treatment, and does not
predict the decrease in growth when Q declines below gc. The next section
examines the relationship between the change in uptake and these
discrepancies.

Figure 5.24b shows that the instantaneous R.G.R. are a better fit to
0 than the average R.G.R., shown in Figure 5.24a (linear regression ymq =
0.177 m2 m_2 day_l, go = 17.68 pmol g_l, r2 = 0.88). There was also an
apparent difference between the two water movement treatments when they
are regressed separately Figure 5.25b (slow water movement treatment umg

2 =2 -1 -1
=0.188 m m day go = 19.95 umol g r2 = 0.86, faster water movement

treatment umq = 0.114 m2 m_2 day_1 go = =1.50 uymol g_l r2 = 0.81).
Significantly, parameters umg and go do not appear to be constant as they

vary between experiments and possibly between water movement treatments.

This to some extent might explain the initial difference in growth
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between the Growth-1-1 and Growth-5-1 treatments, as plants transferred
to a slower water movement treatment would experience a lag time during
which the kinetic parameters for plant growth adapted. This also could
explain the slight growth lag between the Growth-1-5 and Growth-5-5
treatments (Figures 5.21, 5.22 and 5.23). Cunningham and Maas (1978)
suggested that a possible reason for the lag in growth, observed for
Chlamydomonas reinhardii transferred to and from environments of
different growth potential was due to a partial uncoupling between growth
and the systems controlling cell division. The plant's growth system
could become partially uncoupled from its dependence on Q as the kinetic
parameters change. However, there was no metabolic explanation for what
these parameters refer to, as the growth process is dependent on a number
of enzyme reactions.

Fujita (1985) found that for Enteromorpha sp. and Gracilaria
tikvahiae the qgo determined for plants grown at high inorganic nitrogen
and then starved was approximately half that of plants starved after
being grown at low inorganic nitrogen. This would then explain the
difference in go between the results in this section and those presented
in Section 5.3. The initial pretreatment Q (phosphate) for the experiment
in Section 5.3 was 55 umol gnl with a calculated value of go = 32.7 umol
g-l compared to 103.4 and 17.68 Hmol g_1 for Q and go respectively. The
implication was that plants growing at low internal quotas regulate their
reliance on Q to increase their safety factor. Safety factor is used to
describe the concept whereby plants allocate margins of environmental
tolerance (similar to engineers in designing building). For example a
plant growing in a nutrient rich environment does not require a storage
capacity, however a plant growing in a nutrient variable environment
requires a larger go to survive during large time periods between

nutrient pulses.
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5.5.3. COMPARISON OF PHOSPHATE UPTAKE, GROWTH AND SHORT TERM INFLUX

Figure 5.27 shows that uptake on an area basis declines with time,
although there was a significant difference between the two water
movement treatments. The decline in uptake coincides with the decline in
Q (Table 5.10) and R.G.R. and contradicts the previous assertion (Section
5.3.3) that uptake increases with declining Q. The initial significant
difference in uptake between the Growth-1-1 and Growth-5-1 treatments
relates to their initial differences in R.G.R. (Table 5.9) and Q (Table
5.10) . Therefore apart from the physical difference in uptake resulting
from the D.B.L. between water movements, there was also a metabolic
difference which influenced the uptake kinetics. Further, there appears
to be a causal link between the increased growth rate and the increase in
uptake. However there was no evidence as to the nature of the mechanism
which creates or signals the metabolic difference.

Table 5.11 and Figure 5.27 show that concurrent with this change in
the metabolism associated with water movement was a change in the surface
area to dry weight ratio. The implication was that the increased uptake
capacity of the disks growing in the faster water movement was due to
both the decreased D.B.L. thickness and an increased surface area to
volume ratio. Rosenberg and Ramus (1984) have shown that the rate of
uptake of different shaped algae was related to their surface area to
volume ratio. This was consistent with the functional-form model proposed
by Littler and Littler (1980). The morphological plasticity of U,
aqustralis can therefore not only allow it to exist in high water movement
environments (reduced drag, Gerard and Mann 1979; Gerard 1987) but also
change its morphology to increase its growth rate.

The fitted curves in Figure 5.26 depended on a constant surface area
to dry weight ratio (used the ratios for the initial time period) for the
conversion of units in the Briggs-Maskell equation. Figure 5.28 shows the

fit between Equations 5.5, 5.6 and 5.7, but the surface area to dry
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Figure 5.27. Phosphate uptake versus time (n = 10, C.L). The symbols are the same as Figure 5.21.
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Figure 5.28. Curves were fitted to the raw data average dry weights for each of the four growth

treatments using Equations 5.5, 5.6 and 5.7. Further, the changes in surface area to
dry weight ratio with time for each treatment were compensated for within the
three equations. The symbols are the same as Figure 5.21 (n = 10, Cc.L.).
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2
TABLE 5.11. Surface area to dry weight ratio (m~ : g).

Treatments
Time (d) Growth-1-1 Growth-1-5 Growth-5-1 Growth-5-5
0 0.084 0.084 0.101 0.101
2 0.078 0.070 0.088 0.083
5 0.095 0.109 0.087 0.098
7 0.074 0.086 0.086 0.090
9 0.083 0.094 0.093 0.105
11 0.083 0.087 0.073 0.091
13 0.074 0.089 0.081 0.106

weight ratio was varied according to the values in Table 5.11 for each
treatment. The observed fit between the predicted curves and the raw data
(Figure 5.28) was similar to that observed in Figure 5.26. The main
effect of applying the results of Table 5.11 to the growth model was to
increase (slightly) the predicted difference in growth rate between the
two water velocities. Therefore the use of the growth model predicts only
a slight enhancement of the growth rate due to changes in the surface
area to dry weight ratio. Nevertheless this enhancement in growth would
increase the competitiveness of these plants in the field.

Previous research has shown that at steady state there is a linear
relationship between uptake and Q as predicted from Equation 5.1 (Droop
1973) . Figure 5.29 shows that although the system was not at steady state
(Q decreasing) there was still an approximately linear relationship
between V and Q. The linear relationship was a result of the simultaneous
decrease in Q and V with time. It also shows that the 1line curves
upwards at higher values of Q, which was similar to the response found by
Brown and Button (1979) for a plot of uQ versus Q, at steady state. They

concluded that this inflection was due to their measuring Q on a per cell
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Figure 5.29. Phosphate uptake (D.W.) versus Q (D.W.). The symbols are the same as Figure 5.21.
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basis rather than per unit mass. However, if this was the case the curve
should bend downwards because as WQ reaches its maxima (umg.qc) Q should
continue to increase (luxury consumption) due to the imbalance between V
and WO (see Equation 5.6). The slight curving probably reflects that the
system was not at steady state. The comparison of M and Vv/Q shows that
initially the mass balance equation was not at steady state (dg/dt # 0)
due to the high uptake and low growth rate, but by day 5 the situation
was reversed (Table 5.12). Therefore equilibrium between uptake and

growth was not established for the experimental duration.

TABLE 5.12. Comparison of the average R.G.R (u) and vV/Q g g_1 day—l
(D.W.)
Treatments
Time (d) Growth-1-1 Growth~-1-5 Growth-5~1 Growth-5-5
u v/Q u v/Q u v/Q u v/Q
2 0.129 0.120 0.184 0.220 0.120 0.156 0.172 0.232
5 c.067 0.016 0.067 0.076 0.134 0.079 0.117 0.105
7 0.095 0.037 0.120 0.087 0.122 0.063 0.119 0.092
9 0.075 0.027 0.092 0.058 0.118 0.049 0.111 0.067
11 0.073 0.025 0.117 0.060 0.108 0.035 0.124 0.061
13 0.082 0.024 0.092 0.045 0.099 0.032 0.096 0.048
Interestingly there was a good fit (r2 = 0.91) between HQ and V
(linear regression slope, = 0.618, Y-intercept = 26.9 pmol g_l s_l,

Figure 5.30). The positive Y-intercept indicates that at zero uptake the
plants were consuming their internal phosphate storage pool. At steady
state the slope should be one. The slope at low uptake indicates the use
of internal stores and the flattening of the slope at higher uptake rates
reflects luxury consumption of phosphate.

Sshort term (10 minutes) phosphate influx was measured using the
technique described in Section 2.8.1.1.6., except that influx was only

. -3 }
measured at one [Pilb (1 mmol m ~) for seven disks from each treatment.
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Figure 5.30. Predicted phosphate consumption by growth (R.G.R. x Q) versus phosphate uptake
(D.W.). The symbols are the same as Figure 5.21.
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The results showed a decline in influx with time, however the decrease in
influx was greatest for the faster water movement treatments (Growth-1-5
and Growth-5-5, Table 5.13). The faster decrease in influx for the
Growth-1-5 and Growth-5-5 treatments correlates with the larger value of

Q in comparison to the other two treatments.

TABLE 5.13. Short term phosphate influx at 1 mmol m_3 [Pi]lb, using
approximate method described in Section 2.8.1.1.6.
n =7 and standard errors used.

Treatments
Time (d) Growth-1-1 Growth-1-5 Growth-5-1 Growth-5-5
o] 4.85 * 0.19 6.28 * 0.32 4,85 % 0.19 6.28 £ 0.32
2 6.35 = 0.37 6.01 +* 0.19 6.62 * 0.24 6.49 + 0.13
5 7.10 £ 0.12 6.49 * 0.08 6.24 * 0.31 6.60 = 0.18
7 6.28 = 0.10 5.34 * 0.09 5.02 * 0.07 5.33 * 0.07
9 5.77 + 0.11 4.59 + 0.13 5.12 + 0.14 4,49 *+ 0.12
11 5.79 * 0.25 5.53 = 0.11 3.91 + 0.16 4.16 + 0.14
13 5.61 + 0.26 4.81 + 0.07 4,21 = 0.18 4,32 * 0.25

The next chapter will examine the short term changes in influx in

more detail with a view to relating the change to an interaction with Q.

5.5.4. GROWTH STORAGE CAPACITY

As Vogel (1981) has observed, water movement was a source of
mechanical energy which if used by the plant could reduce its metabolic
costs. Section 1.4 described the previous research which had shown that
algae Dbenefitted from water movement through various metabolic,
reproductive and physical advantages. To determine if the presence of a
D.B.L. could adversly effect the productivity of U. australis it was
necessary to know the storage capacity. Storage capacity was defined as

the time the algae can continue to grow without any external nutrient
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uptake relying on the internal pool of stored nutrients (Fujita 1985).
The importance of this in relation to the D.B.L. was that if the plant
can continue to grow between periods of disturbance when seawater
nutrient levels are above optimum for growth (luxury consumption occurs)
then the plant's reliance on overcoming the D.B.L. is reduced. By
implication under this condition the D.B.L. limitation on growth will
have a reduced emphasis on the ecology of the plant, and other physical
factors will be of more importance (e.g. light, temperature etc) .
Therefore the timing of environmental nutrient pulses in relation to the
plant's storage capacity will determine the effect on growth of the
D.B.L.. However, this assumes that during the nutrient pulses the
concentrations are optimum and their duration was long enough for luxury
consumption to take place. Therefore if the pulse of nutrient was for a
small duration then the combination of increased uptake (as a result of
being starved) and water movement would increase the plant's survival and
productivity.

For the situation where the plant was entirely dependent on its

)

internal storage capacity for growth (no uptake), then according to
Equation 5.6 dQ/dt is negative as Q approaches go, until at time Tf it
will be =zero. Because this expression was asymptotic, Q will
theoretically never reach go therefore as an approximation we can take Tf

as occurring when qo/Q is 0.95.

Table 5.14 The time Tf for Q to reach 0.95% of go, comparing different
‘experimental values of qo, umg and Q (where Wo was the
initial weight, Tf calculated using Equations 5.5, 5.6 and
5.7, and phosphate was assumed to be growth limiting).

go Hmol g_l Hmg g g_1 day— Wo mg Q umol g_1 Tf days T50 days
17.68 0.177 2.0 100 23 10
32.7 0.139 2.0 100 23 9
17.69 0.177 2.0 50 18 7

32.7 0.139 2.0 50 14 4
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Table 5.14 shows that the storage capacity was equivalent for the
two different growth kinetic systems at the highest Q achieved in
culture. However, with a 50% decrease in Q there was a difference in the
storage capacity for the two systems. Fujita (1985) calculated the
storage capacity of Ulva lactuca to be 9 and 6 days for plants grown at
high nitrogen or starved, respectively. The large discrepancy between the
results in Table 14 and Fujita's results was that Fujita calculated the
storage capacity assuming constant growth rate (used Tf = u—l 1n(WEf/Wo),
where Wf was the final weight, this equation is Equation 4.5 rearranged)
which underestimates Tf, Ryther, Corwin, DeBusk and Williams (1981) found
that N-starved Gracilaria plants soaked in complete nutrient media for &
hours and returned to unenriched seawater, will grow at non-limiting
rates for as long as 2 weeks. Similarly, Morgan and Simpson (1981) found
that Palmaria could take up enough nitrate to grow for one week. The
values of Tf indicate that growth will continue for up to 18 days when
the quota was low, however the results for T50 (50% reduction in initial
u) show that for most of this time u would be less than 50% of its
initial value. Therefore for the plants to maintain their growth rate the
uptake restrictions of the D.B.L. play an integral part in the plant's

growth rate.

5.5.5. CONCLUSION

The main conclusion is that the water movement history of
U. australie can influence its growth rate. The mechanics of the
difference observed for the different water movement pretreatment involve
changes in the growth kinetic parameters and also morphology. The reason
for the variation in uptake with time and between treatments is still
unclear and will be examined in the next chapter.

Previous research on the comparison of the Droop and Monod models of

growth have shown that they predict the variation of growth observed with
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changes in the limiting nutrient (Fuhs 1969; Tilman and Kilham 1976;
Tilman 1977; Brown and Button 1979; Probyn and Chapman 1982). Most of
these studies have been concerned with growth at steady state which for
field groWn algae is a very limited condition. The mass balance equation
predicts the observed differences in growth rate for non-steady state
growth, although it does not explain the observed variation in uptake. No
previous study has attempted to relate water movement, uptake, internal
limiting nutrient concentration and growth rate. The present study has
shown that water movement can modify the predicted growth rate and
uptake, and therefore it needs to be taken into account when determining

the growth potential of plants in the field.
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CHAPTER 6. THE EFFECT OF PHOSPHATE STARVATION ON SHORT TERM
PHOSPHATE INFLUX.
6.1 INTRODUCTION

The observation of an increase in phosphate influx when plants
were grown under phosphate starved conditions has been observed for most
plant types and similar effects have been found with other various
nutrients (Table 6.1). Previous research on macroalgae is limited to an
observed influx enhancement of phosphate by Gracilaria tikvahiae
(Lapointe, 1985) and M&croeystis (Manley, 1985), and inorganic nitrogen
by Porphyra perforata (Thomas and Harrison, 1985), Gracilaria tikvahiae
(D'Elia and DeBoer, 1978; Fujita, 1985), Chordaria (Probyn and Chapman,
1982), Entermorpha and Ulva (Fujita, 1985)

Table 6.1 shows that most of the previous research postulates
the control of nutrient influx by either an allosteric mechanism or the
filling or depletion of an internal nutrient pool. To explain the
correlation between internal nutrient concentration and uptake many
different models of uptake have been proposed. The variation in these
models has occurred because of the different response of the Km for
different nutrients to starvation conditions. Table 6.1 shows that Vm
increases in response to starvation, but the variation in the response
of Km to enhanced uptake indicates that different plants have adapted
kinetically to nutrient starvation in different ways.

Glass (1976) has proposed an allosteric model of potassium
regulation by barley roots to account for the observed changes in K+
influx with starvation. To account for this, Siddigi and Glass (1982)
formulated an empirical model based on the exponential relationship
between influx and the root potassium concentration,

V(1) = (Maxvm.e Pi.cs) (inkm.ed + cs) 7t Equ-6.1
where V(i) is the influx at a given internal concentration (i), MaxVm is
the maximum Vm when i is hypothetically zero, MinKm is the minimum Xm

when i is hypothetically zero, b and 4 are the slopes of Vm and Km



Surface Area / cm?
w
|

]-I T i T T T T I | | | 1 i | |

0 2 4 6 8 10 12 14
Time /days

Figure 6.1. Disk surface area versus time (Hunt program, n = 15, C.L.), for the growth treatments
Growth-1 (W), Growth-3 (@) and Growth-5 (A).
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versus i. Both MaxVm and MinKm are the theoretical values of Vm and Km
respectively, when the allosteric inhibition of influx is =zero. Also
because Vm increases while Km decreases with decreasing i, the slopes of
their relationship with s have opposite signs. Therefore this model
accounts for the decline in influx with increasing i by direct blocking
internally of the binding sites for the carrier protein. This does not
account for the changes in Km observed. Glass (1976) overcame this
anomaly by suggesting the repression of carrier synthesis with
increasing i, but no link was established between 1 and carrier

synthesis.

TABLE 6.1. Previous research on enhanced nutrient uptake when the plant
was starved of that nutrient. I, C, or D indicate that the
kinetic parameters (Km or vm) increase, remain constant or
decrease respectively with enhanced uptake.The following
symbols equate to the theory or model used to explain the
enhanced influx; A = allosteric, nc = non~competitive model,
e = exponential model, P = internal pool.

Plant Limiting

species Mutrient Km Vm Model Reference

Macroalgae

Gracilaria Pi Lapointe 1985

Macrocystis Pi A Manley 1985

Gracilaria NH4+ P D'Elia and DeBoer 1978
Chordaria NH4+ I I P Probyn and Chapman 1982

Enteromorpha  NH N D I P Fujita 1985

Gracilaria Nt c I P

Ulva NH4+ D I P

Porphyra NH3+ P Thomas and Harrison 1985
Microalgae, Bacteria, Diatoms

Sceneaesmus Pi C I A, nc Rhee 1973

Bacteria Pi D I P Chen 1974

Thalassiosira Pi C I P Perry 1976

Anacystis Pi D I P Falkner et al. 1980
Phytoplankton Pi Cc I P Gotham and Rhee 1981
Phytoplankton Pi P Falkner et al. 1984

Thalassiosira wu,* P parslow et al. 1984a,b
Terrestrial Angiosperms

Wheat Pi A Szabo-Nagy et al. 1980
Barley Pi,zgl“ D I P Lee 1982

Barley SO4 C I P

Barley Pi A Lefebvre and Glass 1982
Barley Pi P Schijorring and Jensen 1984
Buckwheat Pi P

Rape Pi P

Barley K D I A, e Siddigi and Glass 1982
Freshwater Angiosperms

Spirodela Pi C I A McPharlin and Bieleski 1987

Lemna Pi C I A
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The use of enzyme inhibition mechanics has been used in two ways
to account for the observed enhancement of influx. Firstly, Rhee (1973)
proposed that the relationship between Vm and Km with varying i
resembled the non-competitive type of enzyme inhibition,

V(i) = vml(L + Km/Cs) (1 + i/Ki)1 7" Equ~6.2
where i is the inhibitor concentration and Ki is the inhibitor constant.
This model accounted for the observed relationship between phosphate
influx and Cs (constant Km) for the microalga Scenedesmus. Rhee (1973)
proposed that the internal polyphosphate pool acted as the inhibitor
(i), but also suggested that other compounds seem to work as inhibitors
because of the equilibria between the internal phosphorus compounds.

Secondly, Chen (1974) and Rhee (1973) used a mixed type
inhibition kinetic model to predict the relationship between phosphate
influx and s for the bacteria, Corynebacterium bovis,

v(i) = Vm.Cs[Km(1 + Cs/Km + i/Ki]_1 Equ-6.3
Chen (1974) found that Vm increased and Km decreased with decreasing
internal phosphate, which is what would be predicted for a mixed type
inhibition model.

This chapter addresses itself to the relationship between the
enhanced phosphate influx with varying levels of internal phosphate
starvation, and seeks to establish which model can be adequately used to
describe the observed changes in kinetic parameters. The influence of
water movement on the observed enhancement of phosphate influx was also
measured. Results of the previous chapters show that there are
interactions between growth and phosphate influx. Accordingly the data

for growth are presented and discussed in detail.
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6.2. ENHANCED PHOSPHATE INFLUX IN RESPONSE TO PHOSPHATE STARVATION
OF U. australis: THE INTERACTIVE EFFECTS OF WATER MOVEMENT
AND GROWTH.

6.2.1. RESULTS

Disks of U. australis were preconditioned in A.S.W. with
Hoagland's solution minus phosphate. The aim of preconditioning was to
decrease the internal phosphate concentration, resulting in growth being
dependent on phosphate as the single most limiting nutrient. The water
movement used for preconditioning was Growth-5. Growth-1, Growth-3 and
Growth-5 were used for the experimental period. The experimental medium
was seawater which had been stored for over three months and then
refiltered (Section 2.2.2.). This had the effect of reducing the
concentration of phosphate within the seawater (Watts and Nduku, 1981).
Hoagland's minus phosphate was also added to the seawater. The seawater
had a phosphate concentration prior to use of 0.11 % 0.09 mmol m_3 and a
final concentration of 0.08 * 0.07 mmol m_3 (n = 32, S.E). After disks
were removed for measurement and the seawater replaced on day 10,
20 mmol m_3 KH2PO4 was added to supplement the addition of Hoagland's.
The experimental pH varied daily by * 0.08 from the initial wvalue of
8.19 + 0.03.

The growth rate at the end of the preconditioning period was
0.02 day-l, which was slow compared to the previously observed growth
rates, indicating that the disk growth rate was being inhibited by the
internal nutrient content as predicted.

Phosphate influx was measured using the technique described in
Section 2.8.1.1.6. By measuring the phosphate influx at constant water
velocity, using the Shaker-F treatment water velocity, the kinetic
constants should be equivalent to the true values at zero D.B.L.
resistance. This experimental assumption was based on the results from

Chapter 3, which showed that the kinetic constants measured in the
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Shaker-F treatment were approximately equivalent to the kinetic values
which would occur when no D.B.L. was present. Therefore variations in
the phosphate influx between growth treatments and time periods would
result from the influence of the plants previous growth history. The
initial Vm and Km at the start of the experimental period was 0.82 %

0.03 nmol m_2 s_1 and 1.43 %+ 0.14 mmol m_3 (n = 16, S.E.) respectively.

6.2.2. GROWTH

Figures 6.1 and 6.2 show that the growth rate, as previously
found, was stimulated in the faster water movement treatments. There
was, however, no significant difference in growth rate between the two
faster water movement treatments (Growth-3 and Growth-5).

Nitrogen concentration (C/N = 17.9) was initially low in the
disks but by day two the C/N ratio was less than 12 in all treatments,
indicating that nitrogen was not limiting to growth after this period.
Figure 6.3 shows that nitrogen was increasingly accumulated with time in
all treatments. It also showed that the faster water treatment
significantly increased its nitrogen concentration compared to the other
two treatments. Two different mechanisms are most likely controlling the
difference in uptake rates for nitrogen between the treatments. First,
as previously mentioned (Chapter 5) the D.B.L. has a strong influence on
nitrogen influx in comparison to its influence on phosphate (MacFarlane,
1985). Thus, a greater enhancement in nitrogen influx with decreasing
D.B.L. resistance could be predicted. Second, the decrease in phosphate
with time (Table 6.2) could lead to a decrease in the nitrogen influx as
a result of a decrease in the metabolism of the plant. Clearly as a
result of phosphate starvation the plant's energetic capacity must be
reduced because of the importance of phosphate to energy transfer and
membrane inteqgrity, two important factors controlling nitrogen influx.

Thus, nitrogen influx would also be affected because of its dependence
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Figure 6.2. Disk dry weight versus time for the three water movement
treatments (Hunt program, n = 16, C.L.). The symbols are the
same as Fiqure 6.1.
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on the phosphate status of the plant. Therefore, a dual limitation of

nitrogen influx ocurs when both phosphate limitation and water movement

control growth and uptake.

-1
TABLE 6.2. Internal phosphate concentration (Q), umol g (D.W.)
(S.E., n = 16). Q for day 12 reflects the increased

-3
external phosphate concentration (20 mmol m ~).

Time (d) Growth-1 Growth-3 Growth-5
0 55.1 = 8.1 55.1 + 8.1 55.1 + 8.1
2 48.3 * 8.0 57.6 £ 6.3 65.4 + 7.1
4 49.3 = 6.1 60.4 £ 7.1 60.1 * 7.8
6 39.0 £ 5.2 40.0 * 3.1 57.2 * 4.7
8 30.6 + 3.1 28.8 * 3.6 34,9 £ 4.4
10 21.4 + 1.9 20.0 + 1.6 26.3 * 2.8

Phosphate spike

+
O
o0}

12 84.8

1+
[e)}
[1-Y

93.4

1+

6.6 117.8

Table 6.2 shows that the decrease in Q (phosphate) , was related
to the water movement, with the slowest water movement treatment showing
the fastest decline in Q. It also showed a rapid increase in Q with the
addition of phosphate after day 10, and this increase in Q was related
to the water movement. One would predict the value of Q to reach a
maximum (qm) in each treatment, but this value could be affected by the
different water movement in each treatment in a manner similar to go was
in Chapter 5. This conclusion depended on whether the magnitude of Q at

day 12 represented the maximum internal phosphate concentration.
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-1
TABLE 6.3. Average growth rate based on dry weight (day ')

Time (d) Growth-1 Growth-3 Growth-5
2 0.022 0.066 0.020
4 0.065 0.074 0.075
6 0.091 0.095 0.097
8 0.082 0.097 0.101
10 0.091 0.114 0.109

Phosphate spike

12 0.101 0.115 0.119

An anomaly occurred in relating R.G.R. to Q (Tables 6.2 and
6.3), because the predicted result (Equation 5.4, Droop) would be that
as Q declined there would be a correlated decline in R.G.R. In two out
of the three times that this type of growth-influx experiment was done
R.G.R. and Q declined in synchrony, but as previously shown a lag can
occur between growth and Q. Interestingly in this experiment R.G.R.
continued to increase as Q declined to a magnitude in all treatments
approximately equivalent to the minimum qo observed in prior
experiments. This uncoupling of growth rate from the internal limiting
nutrient concentration has been previously found to occur during
experimental transients (Cunningham and Mass, 1978; Parslow, Harrison
and Thompson, 1984a,b). Thus when plants grown in one set of
environmental conditions are transferred to another set of conditions,
initially the plant's metabolism (including growth rate) continues to
perform at the same rate irrespective of the new environmental
conditions (Cunningham and Mass, 1978). This lag time varies depending
on the characteristics of the metabolic function, and for growth rate
the results presented indicate that the lag can exist for as long as 10

days.
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Droop's (1973) Equation 5.4 can be modified to make growth rate a
function of time,

y = umg{l - go/Qt) Equ-6.4
where Ot is the internal limiting nutrient concentration t hours or days
before the actual calculation of u. Cunningham and Maas (1978) found
that t was approximately 10 hours for nitrogen limited growth of
Chlamydomonas reinhardtii. The results for U. australis indicate that
the lag time varies from one to ten days. Furthermore the lag for this
type of experimental methodology is a combination of both wound (as
previously mentioned) and transient responses. The variation in
magnitude of the combined lag response reflects both the variation in
response to wounding and the variation between the alternative set of
environmental conditions. To empirically quantify the conditions to
enable the lag response to be predicted is extremely difficult without a
complete understanding of the plant's growth response to all
combinations of factors that influence it. For this experiment, where
the largest lag response was observed, the only experimental difference
in comparison with the experiment presented in Section 5.3 was the
change from A.S.W. to seawater in experimental medium. Predicting the
growth lag magnitude requires further extensive research, especially
considering the transient nature of the environment in reality. For
Ulva, a plant that has adapted to environments characterized by a high
degree of disturbance (Littler and Littler, 1980; Raven, 1981), its
ability to minimize the effect of changes in environmental conditions
would allow it to compete successfully for persistence (space) within
the environment. It is therefore not surprising that Ulwvg can continue
to grow at a high rate in conditions unfavourable for growth and this

would increase its adaptive advantage.
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6.2.3. THE EFFECT OF PHOSPHATE STARVATION ON SHORT TERM PHOSPHATE
INFLUX.

Short term phosphate influx increased with time for all
treatments when calculated on an area or fresh weight basis (Figures
6.4a,b,c and 6.5a,b,c). The initial influx was comparable with the
observed results for Chapter 3. As predicted, the increase in influx
correlated with the decline in Q with time (Figures 6.4a,b,c and
6.5a,b,c, Table 6.2). Figure 6.6 shows that phosphate influx at [Pilb
equal to 20 mmol m-3 increased with time, and for each treatment the
influx plateaued at day 6 except for a sharp peak for the Growth-3
treatment at day 10. The rate of short term phosphate influx at day 10
meant that the change in Q over the final time period would occur in
7.9, 4.1 and 7.2 hours for the Growth-1, Growth-3 and Growth-5
treatments respectively. The rapid decline in influx when 20 mmol m
phosphate (Figure 6.6) was added after day 10 means that these times
underestimate the time taken to reach the measured values of Q at day
12. Nevertheless, the enhanced phosphate influx rates provide a
mechanism for rapid phosphate storage during spikes in the external
phosphate concentration.

As a consequence of the increase in Vm the difference in D.B.L.
resistance results in a more pronounced difference in phosphate influx
between each treatment (Thomson and Dietschy, 1977). Therefore, a
greater difference in growth rate between treatments would be predicted
as Vm increases.

A hysteresis type phenomenon was observed for Vm and Km in
comparing their initial values and those of day 12. Initially Vm = 0.82
+* 0.03 nmol m_2 s—1 and Km = 1.43 + 0.14 mmol m—3. By comparison the
values for day 12 presented in Table 6.4 show that both Vm and Km were
approximately five times or double respectively the iniézal values. The

magnitude of the hysteresis, for the kinetic parameters, was related to
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the water movement of each treatment. Therefore the influence of the
internal phosphate concentration in regulating the influx rate can be
modified by the external water movement stimulus, and correlates with
the increased growth rate for the final time period in comparison with

the initial growth rate.

TABLE 6.4. Vm and Km for day 12 calculated using the program

NONLIN (n = 16, S.E)

Kinetic Experimental Treatment
Paramater Growth-1 Growth-3 Growth-5
-2 -1
Vm (nmol m s ) 3.72 + 0.06 4.94 t 0.14 5.00 £+ 0.17
Km (mmol m_3) 2.84 + 0.08 2.96 + 0.14 2.56 + 0.15

Specfic phosphate influx was calculated by dividing the short
term influx (pmol g-_1 (D.W.) s_l) by © (ﬂmol g—l (D.W.)), and is
equivalent empirically to V/Q. Figures 6.7a,b,c show the specific influx
saturating with [Pi]lb in a similar fashion to influx. Equation 5.11
predicted that as growth reached steady state then the growth rate (u)
would equal V/Q, however the observed results predict a umg sixty times
the largest umg measured. Nevertheless this is misleading as a more
accurate comparison is between the specific influx and R.G.R. at [Pilb.
Table 6.5 shows that at time zero both V/Q and R.G.R. are approximately
the same, indicating that growth was nearly at steady state. For the
Growth-1 treatment, V/Q was approximately double the R.G.R during the
experimental period. For the other two treatments V/Q initially
parallels the increases in R.G.R., but as Q declined further the
enhanced influx rate resulted in V/Q increasing to more than double the

R.G.R..
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Interestingly there was a good linear relationship between Km
and Vm measured at constant water velocity (Figure 6.8, r2 = 0.95, n =
19). The slope of this line was positive, indicating that Km increased

as Vm increased. This contradicts most of the previous research on

-1

TABLE 6.5. Comparison of average growth rate based on dry weight (day )
- -3 .

and specific phosphate influx (day 1) at 0.11 mmol m [Pilb,

data from Figures 6.7a,b,c.

Time Growth-1 Growth-3 Growth~5

(4) R.G.R. v/Q R.G.R. v/Q R.G.R. v/Q

0 0.020 0.021 0.020 0.021 0.020 0.021
2 0.022 0.081 0.066 0.086 0.020 0.048
4 0.065 0.115 0.074 0.082 0.075 0.061
6 0.091 0.120 0.095 0.097 0.097 0.114
8 0.082 0.143 0.097 0.133 0.101 0.291
10 0.091 0.194 0.114 0.292 0.109 0.289

Phosphate spike

12 0.101 0.012 0.115 0.015 0.119 0.021

phosphate which had found that Km either decreased or remained constant
with increasing vm (Table 6.1). However the result is similar to that
found by Probyn and Chapman (1982) for nitrogen influx into the brown
alga Chordaria flagelliformis.

The enhancement in phosphate influx and its correlation with Q
agree with an allosteric control of influx by the internal phosphate
pool. However, the increase in Km cannot be explained by this allosteric

effect. The change in Km with declining Q could be related to the
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degradation of the carrier as a result of a decline in metabolic energy
similar to the affect postulated for variation in nitrogen influx. The
internal scenario would be that as Q declines, less metabolic energy
would be available to maintain the carrier, therefore its affinity for
phosphate would decrease resulting in a larger Km,

This concept could also explain the anomalous result that occurs
in comparing influx with the uptake results measured over time (Table
6.6). In the Growth-1 treatment short term influx was greater than
uptake for the experimental period, and in the other two treatments
uptake declined continuously with time while influx increased initially
and saturates at a relatively constant rate (Table 6.6). The initial
values of uptake were larger than the influx values in the Growth-3 and
Growth-5 treatments because uptake represents the total phosphate taken
up over the two day period while influx represented the final uptake
capability at the end of each two day period. Theoretically the uptake
results should be related to the short term influx results averaged over
time. The difference between uptake and influx indicates that efflux was
an important component of the uptake observed with time. Previously it
had been asserted that phosphate efflux was negligible compared to
influx, nevertheless when Q declined the membrane integrity could be
decreased which would allow phosphate to diffuse from the disks. Both
Bieleski (1973) using Nitella and Schjorring and Jensen (1984a) using
barley, buckwheat and rape seedlings have concluded that the balance
between phosphate influx and efflux is important to plant growth.
Schjorring and Jensen (1984a) also suggested that the control of
phosphate efflux could be critical in maintaining adequate phosphate for
growth. This argument precludes the difference in uptake that would
occur during the dark period as this would not result in the large
differences that were observed between influx and uptake. It also
ignores the minor daily decrease in phoshate concentration within the

medium.
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The uptake rates for day 12 shown in Table 6.6, represent the
time averaged enhanced influx rates, and as such should be larger than

the final influx rate for each treatment.

TABLE 6.6. Phosphate uptake with growth calculated from difference
in phosphate disk content with time (n = 16, S.E.).
By comparison influx at 0.11 mmol m-3 (determined from
Figures 6.4a,b,c) and for final time period at 20 mmol m

-2 -1
(units of uptake and influx were nmol m s ).

Time Growth-1 Growth-3 Growth-5

(d) Uptake Influx Uptake Influx Uptake Influx

2 -0.305 = 0.038 0.28 0.513 + 0.064 0.25 0.736 + 0.091 0.34

4 0.247 * 0.028 0.47 0.556 + 0.043 0.32 0.520 * 0.066 0.50

6 0.152 + 0.019 0.35 0.151 + 0.014 0.39 0.494 + 0.062 0.48

8 0.057 * 0.008 0.42 0.073 £ 0.011 0.36 0.154 * 0.024 0.47

10 0.009 * 0,002 0.42 0.038 £ 0.004 0.49 0.064 * 0.008 0.45
Phosphate spike

12 4,365 + 0.425 3.15 4,970 £+ 0.286 4.52 6.295 + 0.393 4.19

Healey (1980) has shown that the initial influx slope is a
better measure of the ability of an alga to compete for nutrient
resources than the use of its affinity constant (Km). As an
approximation Healey calculated the initial slope as Vm/Km. Table 6.7
shows that Vm/Km rapidly increased within the first two days for all
treatments and then stablized at between 3 and 4 um s_l. With the
addition of the phosphate spike, Vm/Km decreased to approximately half
its value at the previous time period. The increase in Vm/Km correlated
with the decline in Q with time, indicating that although Km increased

the U. australis disks had a greater capability to remove phosphate from
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the external medium. The linear relationship between Vm and Km shown in
Figure 6.8 correlates with the relatively constant ratio of Vm/Km
between days 2 to 10 for all treatments. However, as shown in Table 6.6
this did not result in a greater uptake rate at the concentration of
phosphate in the medium used for the experiment. Nevertheless, the
enhanced influx rate resulted in a rapid increase in Q (Table 6.2) when
the medium was spiked with additional phosphate. Therefore, the
enhancement of phosphate influx enables the plant to utilize short term
surges in the external phosphate concentration, but does not influence

uptake during periods of stable low phosphate concentration.

TABLE 6.7. Initial slope (Vm/Km um s_l) of the influx versus [Pilb
: -1
(Vm/Km at time zero = 0.57 ym s ). Vm and Km were

calculated using the program NONLIN.

Time (d) Growth-1 Growth-3 Growth-5
2 2.60 2.31 3.10
4 4.36 2.84 4.55
6 3.23 3.54 4.37
8 3.87 3.31 4,27
10 3.89 4.46 4.05

Phosphate spike

12 1.31 1.67 1.95

The existence of small scale nutrient patches within the water
column has been used by researchers working with phytoplankton (McCarthy
and Goldman, 1979; Lehman and Scavia, 1982) to account for both the
diversity of the assemblages and the existence of enhanced wuptake
capacity. Parslow, Harrison and Thompson (1984b) have discredited this

theory claiming that the duration of these patches is very short due to
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their rapid dispersal by diffusion. They claim that the enhanced influx
rates are an important adaptation for growth of phytoplankton during
long periods of low uniform concentrations. As shown for U. australis
during periods of low uniform concentrations of phosphate the uptake
rate declines irrespective of the enhanced influx rates. This is not
surprising considering the difference in scale between micro and
macroalgae, and the importance scale has in determining the selection
criteria for plant adaptation. The environmental conditions at Saint
Kilda where the U. australis plants were collected, are generally benign
with periodic disturbances and surges in the external nutrient
concentration. The larger scale of both the plants and the nutrient
patches would fit with the ability of U. australis plants to rapidly
take advantage of any sudden increases in phosphate concentration.

Lapointe (1985) has shown that pulses of phosphate are important
in the growth strategy of Gracilaria tikvahiae, and further that
phosphate was equally as important if not more so than nitrogen in
conditions where the plant relied on pulses of higher nutrient
concentration for growth. This has considerable implications for
aquaculture management, because by pulsing the nutrient supply at the
appropriate duration the managed plant can utilize the increased
nutrient supply therefore reducing the nutrients available for
economically damaging epiphyte growth. Thus the plant can be nutrient
loaded for considerable periods without affecting its growth rate.
Further, nutrient costs would be reduced because losses to epiphytes
would be considerably reduced.

The nature of the inhibitor which signals the changes in influx
has not been identified (Rhee, 1973). However, because of the rapid
equilibrium between the different forms of internal phosphorus any one
type can be correlated with the magnitude of the inhibitor signal (Chen,

1974). It is not surprising then that the total phosphate concentration
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internally correlates with the changes in influx.

The use of multiphasic, dual uptake isotherms or slip models
(Borstlap, 1981, 1983; Sanders, 1986) are inappropriate for explaining
the relationship between enhanced influx and changes in the internal
concentration. Therefore any attempt to model the allosteric influence
of phosphate requires postulating only one transport system. Because the
enhancement of phosphate occurred relatively quickly over the first two
days, the models do not need to account for a lag in the initiation of
the phosphate enhancement. The next two sections derive two models of
influx which can account for the observed changes in influx, Q and

changes in the kinetic constants.

6.2.3.1. EXPONENTIAL MODEL OF PHOSPHATE INFLUX

Figures 6.9a,b show an exponential relationship between Vm or Km
with @ (Km and Vm were calculated using the program NONLIN). For Vm,
this is similar to the relationship observed by Siddigi and Glass
(1982). However, they found the opposite exponential relationship
between Km and Q (as mentioned in Section 6.1). Linear regressions of
the natural logarithms of Vm or Km versus Q show a good correlation
except for lnKm versus Q (Table 6.8).

An empirical expression, relating influx (V(i)), Q and the
external phosphate concentration, similar to that derived by Siddigi and
Glass (1982) can be formulated from the expression for the relationship

between ln of Vm or Km versus Q. This expression has the form,

vm (i) Mame.ekl Equ-6.5

-
Mame.ek + Equ-6.6

or Km (i)
where Vm(i) and Km(i) represent the kinetic parameters as a function of
the internal concentration (i), k and k' are the slopes of the
regressions for Vm and Km versus Q respectively, and MaxVm and MaxKm are

the theoretical maximum values of Vm and Km respectively at zero
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internal concentration. Equations 6.5 and 6.6 can be substituted into
the Briggs-Haldane equation, hence

v(i) = (Mame.eki Cs)(Mame.ek'i + Cs)_'1 Equ-6.7
where the major difference between Equation 6.7 and that derived by
Siddigi and Glass (1982, Equation 6.1) is the use of the MaxKm as

opposed to the MinKm by Siddiqi and Glass. The values of the parameters

in Equation 6.7 are given in Table 6.8.

TABLE 6.8. Linear regression of either Vm or Km versus Q.

2 2
Treatment maxKm k! r maxvm k r

Growth-1 21.2 ~0.025 0.67 140.9 -0.042 0.91

Growth-3 41.1 -0.027 0.95 223.2 -0.040 0.96

Growth-5 40.0 -0.023 0.98 284.4 -0.034 0.99

Similarly, an expression can be derived relating Equation 6.7 to
changes in the D.B.IL. with increasing water movement,

v(i) = 0.5[Km(i)Kt + CbKt + Vm(i)

~/(km(i)Kt + CbKt + Vm(i))2 - 4KtCbvm(i)] Equ—6.8
which is similar in form to the Briggs-Maskell equation.

There was a good correlation between Equation 6.8 and the
observed results (Figures 6.4a,b,c) with the r2 varying from 0.92 to
0.99 (determined using the curve fit program FVKUP modified to fit
Equation 6.8). The exceptions were the Growth-3 treatment results for
day 10 where the calculated r2 was 0.72. Figure 6.10 shows that with
decreasing Q there was a greater significant difference in influx as
predicted. The apparent non-significant difference at high values of Q
results from the expanded influx scale.

The calculated differences in the parameters (Table 6.8) for

Equation 6.7 correlates with the differences in water movement and also
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varied between different experiments. The argument used to explain the
difference between phosphate uptake and influx can also be applied to
the observed increase in Km with decreasing Q. Because the metabolic
energy available for energy transfer is reduced with declining Q the
phosphate carrier system degrades resulting in an apparent increase in
Km. Further, the membrane integrity, of which phosphate is an important
component, would decline which could explain the linear phase of influx
at high [Pilb (Figures 6.4a,b,c) as this could relate to a diffusion
component of influx.

Interestingly, Besford (1979) found an exponential increase in
phosphatase activity with declining internal phosphate concentration.

(\q8%)

Szabo-Nagy, Olah and Erdei N have proposed that the increase in
phosphatase activity may play a role in the re-utilization of bound
phosphorus within the cytoplasm. No attempt was made to measure
phosphatase activity. However the similar response of an exponential
increase in phosphatase activity with decreasing Q implies that a
similar signal induces both enhanced phosphate influx and increasing
synthesis of phosphatase.

The disadvantage of the model of influx predicted by Egquation
6.8 is that the parameters MaxVm, MaxKm and the slopes are not constant
but depend on other unknown factors associated with their growth in

different water velocities.

6.2.3.2, UN-COMPETITIVE INHIBITION MODEL

The observed linear relationship between Km and Vm (Figure 6.8)
meant that Km and Vm increase at similar rates, therefore a plot of the
reciprocals of influx versus [Pilb results in approximately parallel
slopes for each time period. Dixon and Webb (1964) described this result

as characteristic of non-competitive inhibition, sometimes called
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anti-competitive inhibition (Dodgson, Spencer and Williams, 1956). Using
the enzyme terminology of Dixon and Webb (1964) , the enzyme reaction can

be depicted by,
kq k3
E + S—=—ES *E + products
kl
where E is the enzyme, S is the substrate, ES is the enzyme-substrate

complex, and k1, k2 and k3 are the equilibrium dissociation constants
for the indicated reactions. The reaction velocity (V) is given by,

V = k3.e.s[(k2 + k3)/k1 + s]'—1 Equ-6.9
where e and s (= Cs) are the enzyme and substrate concentration
respectively. The dissociation term was simplified by Briggs-Haldane to,

Km = (k2 + k3)/k1 Equ-6.10
and accounts for the possibility that ES may not always be in
equilibrium with E and S. The term Km is therefore not a pure
equilibrium constant as it also includes a kinetic element. Also

Vvm = k3.e Equ-6.11
therefore Equation 6.9 simplifies to the Briggs-Haldane equation.

For the case when

Km = k3/k1 (k3 >> k2) Equ-6.12
an inhibition which only effects k3 will produce proportional changes in
vm and Km as experimentally observed. Diagrammatically this can be
represented by

kq k3

E + ST——ES — E + products
k
2 ks | ke
ESI

where ESI represents an inhibitor (I) binding with the ES complex. The
reaction velocity can be determined from,
. * * -1 :
V(i) = vm (1 + Ks /Cs + i/Ki) Equ-6.13
*
where Ks is the substrate dissociation constant (k2/k1), Ks is the
*

apparent Ks, Vm 1is the apparent maximum reaction velocity, Ki is the
inhibitor dissociation constant (k6/k5), and i represents the
concentration of the inhibitor (Ebersole, Guttentag and Wilson, 1943;

Dodgson, Spencer and Williams, 1956). For the case of phosphate influx
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inhibition by the cellular phosphate concentration then i is equivalent
to Q, hence

vV(Q) = Vm*(l + Ks*/Cs + (Q ~ qi)/Ki)—1 Equ-6.14
where gqi is the internal phosphate concentration at which zero inhibiton
of phosphate influx occurs. The reciprocal of Equation 6.14 is

1/V(Q) = [1 + (Q - ai) /Kil (1/vm )

* *
+(Ks /Vm ) (1/Cs) Equ-6.15
therefore a plot of 1/V(Q) versus 1/Cs results in a series of parallel
lines (slope = Ks*/Vm*) and the x-axis intercept increases by [1 + (Q -
gi)/Kil. Also if 1/V(Q) is ploted against (Q - gqi) then Ki can be
determined from the slope and was equal to 15.7 + 1.4 Himol g—1 (D.W., n
= 19, S.E.). As an approximation gi was approximated to qo.

A Briggs-Maskell type equation can be derived from equation

6.13,

* *
V(Q) = (Cb + Ks + Vm Rt + CbF

1/?Cb + Ks* + Vm*Rt + CbF)2 - 4Vm*Cb(Rt + RtF)

[2(Rt + RtF)] T Equ-6.16
where Rt, the mass transfer resistance is substituted for 1/Kt, and F is
equal to (Q - gi)/Ki.

Equation 6.16 gave a similar good fit (r2 = 0.89 to 0.99, using
a modification of the program FVKUP) to the observed results as Equation
6.8. This model implies that the internal phosphate concentration acts
as an inhibitor of the carrier protein, and because this inhibition
affects the ES complex the site of inhibition would be within the cell
membrane. This agrees with the allosteric model of control postulated by
Glass (1976). Parslow, Harrison and Thompson (1985) observed that
enhanced ammonium influx in the marine diatom Thalassiostira could be
explained using an un-competitive model. However, they did not attempt

to show how this related to their observed results. Manley (1985), also

related enhanced phosphate influx in Macrocystis to an inhibitor type
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model, but failed to mention the type of inhibition the model referred

to.

6.3. TIMING OF THE ENHANCED PHOSPHATE INFLUX SIGNAL

The method described in Section 2.8.1.1.7. was used to determine
the time required for the enhanced phosphate influx to decline. Disks of
U. australis were initially grown for two days in A.S.W. with added
Hoagland's solution minus phosphate. Figure 6.11 shows that there was a
rapid decline in phosphate influx within the first 30 minutes and
thereafter a more gradual decrease in phosphate influx. This gradual
decline agrees with the signal for phosphate influx being an initial
rapid filling of the internal phosphate pool followed by a slower
increase in the internal phosphate pool. Parslow, Harrison and Thompson
(1984a) found that the changes in ammonium influx occurred within
minutes of additional ammonium being added, and observed that this time
scale could not be explained by changes in the membrane characteristics.
They proposed that the changes in influx were more likely to result from
underlying changes in the number of functional uptake sites.

Use of the un-competitive model of influx does not infer changes
in the number of uptake sites and is in agreement with the result for a
gradual decline in influx signaled by the filling of the internal
phosphate pool. However, more research is required to resolve the timing
of the signal within the first minutes of an external spike in the

nutrient concentration.

6.4. INFLUX ALONG THE LENGTH OF THE THALLUS

Phosphate influx was measured along the length of rectangular
pieces of U. australis using the method described in Section 2.8.1.2.1.
Because the flow tank required a large volume of seawater (78 litres)
which required a large volume of radioactive phosphate, this method was

restricted to very few experiments.
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TABLE 6.9. Experimental characteristics for the flow tank

experiments {S.E., n =10).

Experiment Water velocity 0 (phosphate) [Pilb
-1 -1 : -3
number cm s umol g (D.W.) mmol m
1 0.5 30.8 + 1.6 0.19 + 0.04
2 0.5 36.8 + 1.1 0.12 + 0.06
3 1.0 32.1 + 0.5 0.09 + 0.02
4 1.3 38.2 + 2.3 0.13 + 0.07

Figure 6.12a shows that phosphate influx decreased with
increasing distance from the leading edge for experiments 1-3, but there
was only a negligible decrease in experiment 4. The levelling of the
influx along the thallus correlated with the changes in the thickness of
the phosphate D.B.L., measured with the zinc method.

U. australis exists as a free floating alga at Saint Kilda and
therefore does not exhibit the waving action characteristic of plants
attached to a solid substrate. Water movement within the Saint Kilda
region consists mainly of tidal action due to its locality, apart from
periodic storm disturbances. It is reasonable to assume therefore that
plants of U. australis are influenced by uni-directional water movement
during each tidal cycle. The differential phosphate influx found along
the length of the U. australis thallus indicates that in the field
situation plants of U. australis take up phosphate at a greater rate
near the thallus periphery compared to the inner part of the thallus
when the water velocity is below 1.3 cm s-l; Although Ulva grows by
diffuse cell expansion, the cells near the thallus margins grow faster

which would be facilitated by the greater phosphate influx in this

region at low water velocities.
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6.5. CONCLUSIONS

The enhanced phosphate influx was correlated with changes in the
internal phosphate concentration in agreement with an allosteric type
model as predicted by previous research (Table 6.1). At low external
phosphate concentrations the enhanced phosphate influx rates are
modified by apparent increases in efflux, resulting in a decline in net
phosphate flux (uptake) with decreasing Q. It was hypothesized that the
decrease in internal phosphate concentration resulted in less metabolic
energy available for cell maintenance. This resulted in a reduction in
the membrane integrity, a decline in nitrogen uptake, a greater efflux
potential and a possible degradation of the phosphate carrier. However,
the un-competitive model of influx could explain the changes in influx
without inferring a change in the carrier. Using the allosteric model it
was not necessary to infer an increase in the uptake sites or changes in
the affinity of the carrier. The use of a single transport system
elicits the least energy consuming mechanism for the acquisition of
phosphate. Also the models presented assume the least metabolic changes
to transport without having to evoke the synthesis of different
transport systems.

The enhancement in phosphate influx was important in maximizing
uptake during periods of increased phosphate concentration. Therefore
regulation of phosphate influx and metabolism in response to changes in
the phosphate supply would be an adaptive advantage in an environment
where the growth of U. australis is phosphate limited. Thomas and
Harrison (1987) have observed an increase in ammonium uptake for
macroalgae growing in field conditions. Therefore, the enhanced
phosphate influx rate observed under laboratory conditions does have

some validity and adaptive significance in the field.
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CHAPTER 7. CONCLUSIONS.

The major aim of this work was to examine the interactions
between water movement, phosphate influx and growth in an attempt to
derive empirically a model to predict the observed results of these
interactions. In Chapter 3 it was found that the effect of increasing
water movement on short term phosphate influx was to decrease Km. It was
predicted that this variation in phosphate influx would influence the
growth rate; however, in the experiments described in Chapter 4 it was
found that no significant difference in growth occurred between the
different water movement treatments. It was concluded that this was
because of the dual growth limitation by both phosphate and inorganic
nitrogen and the large experimental variance observed between
treatments. By preconditioning the plants in a more controlled nutrient
and growth environment it was found in Chapter 5 that the rate of growth
of U, aqustralis increased with increasing water movement. Further, this
growth différence could be predicted by relating phosphate influx to
internal total phosphate concentration. Nevertheless, the model of
growth and phosphate influx used in Chapter 5 could not account for the
changes in phosphate uptake at a constant concentration of phosphate in
the medium, nor for the observed lag in growth rate when the
experimental conditions were changed. The results of Chapter 6 showed
that short term phosphate influx increased as the internal total
phosphate concentration decreased. This relationship between short term
phosphate influx and internal total phosphate concentration was
adequately described by two models postulating an allosteric control of
phosphate influx by changes in the cellular concentration of phosphate.
However, the response of phosphate uptake differed to that for phosphate
influx with a decline in phosphate uptake being observed as the internal

total phosphate concentration decreased. It was concluded that the
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enhanced short term phosphate influx was ecologically only important to
plants of U. australis during periods when pulses of increased phosphate
concentration occur within its immediate environment.

The next sections detail in more depth the conclusions,
implications and future lines of research from the research presented

within this thesis.

7.1. THE EFFECT OF WATER MOVEMENT ON SHORT TERM PHOSPHATE INFLUX
AND PHOSPHATE UPTAKE.

Short phosphate influx was shown to be influenced by changes in
water movement relative to disks of U. australis (Chapter 3). It has
been predicted that the use of the empirical relationships between water
velocity and a chemical reaction occurring at the surface of a flat
plate (described in Chapter 1) would provide an a priori method of
determining the extent to which diffusional limitations associated with
the presence of a D.B.L. would influence the chemical reaction process.
Although these formulae can approximately predict the thickness of the
D.B.L. and therefore the magnitude of the diffusional flux to the
surface of the object, they failed to predict the effect of water
movement on short term phosphate influx. It was concluded in Chapter 3
that the possibility of more than one phosphate ion species diffusing to
the plant's surface effectively short circuited the predicted response
between H‘PO' influx and water movement. MacFarlane's (1985) model of

2 4

dual diffusion of both H2POZ and HPOZ‘through the D.B.L. was the model

of phosphate diffusion to the object's surface that gave the best fit to
the observed results. In effect what was occurring was that within the

PO and HPO> was effectively

D.B.L. the fast equilibrium between H2 4 4

increasing the concentration of H2PO4 at the plants surface. By
combining the parallel resistances of both H2P0; and HPOZ—it was

possible to predict the effect of water movement on phosphate influx

using the Briggs-Maskell equation.
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For a nutrient which occurs in solution at equilibrium with
other related nutrient species it is necessary to know the speed of
equilibrium, and the individual resistances for each nutrient species to
establish the overall resistance within the boundary layer. For this
reason the use of the theoretical D.B.L. formulae cannot not be used
solely to predict the outcome between water movement and influx.
Further, because each nutrient has a different diffusion coefficient its
D.B.L. thickness and hence its resistance will differ from other
nutrients. Therefore a plant growing in seawater would be surrounded by
a diffusion boundary layer for each nutrient that was transported across
its membrane.

In Chapter 6 it was shown that short term phosphate influx could
increase 50 fold in response to phosphate starvation. The magnitude of
short term phosphate influx was also dependent on the growth status of
the plant when phosphate was non-limiting to growth (hysteresis
phenomenon) . The enhancement of phosphate influx by phosphate starvation
and its dependence on the plant's growth status could explain why the
phosphate influx results of Chapter 3 (Vm = 1 to 2 nmol m—2 s—l) in
comparison to the results of previous studies (for example, Ulva rigida,
Vm = 15 nmol m—2 s—l, MacFarlane, 1985 and Macrocystis pyrifera, Vm = 14
nmol m_2 s-l, Manley, 1985) varied to such a large degree. This clearly
emphasizes the danger in applying results determined only under one set
of environmental conditions to possible ecological implications, and as
a species comparison between alternative research efforts.

In Chapter 3 it was hypothesized that the charge balance across
the membrane would result in a deficiency of protons at the membrane
surface which could affect the equilibrium reaction between tﬁe
different phosphate ion species. A model derived to test this hypothesis

underestimated the observed phosphate influx, and it was concluded that

the proton concentration at the surface was sufficient to be
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non-limiting to the observed phosphate influx. Nevertheless, the
enhanced phosphate influx results observed in Chapter 6 would require an
even greater surface concentration of protons. The maximum possible
proton diffusion flux to the plant's surface, assuming zero proton
concentration at the surface, is 1 to 2 nmoi m_2 s ., approximately the
same magnitude as observed for phosphate influx in Chapter 3 but
significantly less than the observed maximum phosphate flux in Chapter
6. Clearly, the proton concentration at the site of phosphate influx is
being maintained at non-limiting concentrations, with the most likely
hypothesis being that a fast proton uniport exists in the vicinity of
the site of phosphate influx creating a localized acid patch at the
membrane surface. The cellular anatomy (Figure 2.1) of U. australis
shows that the cells are surrounded by a mucilaginous sheath with the
possibilty that acid alkaline banding could occur at different areas of
the membrane surface. Postulating the existence of a proton uniport is
not hard to conceive as it could function for a variety of reasons (e.g.
balance other nutrient fluxes, cytoplasmic pH control).

The D.B.L. theory assumes for the case of a flat plate that the
surface area of the D.B.L., is equivalent to the plate's surface area.
This assumption holds for calculation of the D.B.L. resistance for
different water velocities using the zinc method. However, because of
the mucaliginous sheath, the membrane surface is not equivalent in
surface area to the surface area of the D.B.L.. The assumption in
applying the D.B.L. theory for a flat plate was that the membrane
surface for each cell immediately adjacent to the plant's surface was
the site at which phosphate influx occurred. This assumption apparently
held as the observed phosphate influx results could be approximated
using the D.B.L. theory for a flat plate. Nevertheless, it is possible

that phosphate or other nutrients could diffuse through the mucilaginous

sheath and be incorporated through the side of the cells. It is
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interesting to speculate that this mucilaginous sheath, with a predicted
slower diffusion coefficient for nutrients, could provide an anatomical
mechanism for separating different nutrient flux sites on the membrane
surface. The possibility exits for future research into a possible pH
gradient parallel to the membrane surface of multi-cellular macroalgae,
and whether this can be correlated with specific nutrient fluxes.
Further, the possibility exists that U. australis could overcome the
proton deficiency at its surface by allocating greater metabolic
expenditure to the proton uniport and therefore overcoming the D.B.L.
limitations to proton diffusion flux.

The anomaly in the phosphate transport results was the
reciprocal relationship between phosphate influx and uptake at
ecologically relevant phosphate concentrations (Phosphate uptake
referred to the net phosphate taken up during the growing period). It
was concluded that control of phosphate efflux is important in the
overall phosphate transport process when plants were starved of
phosphate. Further, it was speculated that the increased efflux
correlated with the decline in cellular phosphate available for energy
transfer processes which are important for maintaining cellular
metabolism. Nevertheless, higher seawater phosphate concentrations,
typical of the patch type phenomenon of nutrient concentration within
the environment (Scavia et. al., 1984), resulted in an increase in the
rate of phosphate uptake. More research is required to determine the
benefits to metabolism, of an enhanced phosphate uptake during patches
of high phosphate concentration, especially considering the varying
opinions as to the benefit it has for microalgae (Currie, 1984).

7.2. THE EFFECT OF WATER MOVEMENT ON GROWTH RATE.
The implication from the results of Chapter 3 was that plants

growing in different water movement environments would have differing
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phosphate influx capabilities, and therefore if phosphate limits growth
this should result in a different growth rate for each water movement
treatment. It was found that the attempt to predict the effect of water
movement on growth rate using the Monod model of growth (1942) in
conjunction with the Briggs-Maskell equation failed for two main
reasons. Firstly, the Monod model does not account for the growth rate
being dependent on the tissue phosphate concentration and therefore
cannot predict the growth rate when the system is not at steady state.
Secondly, the growth conditions prior to the experimental start did not
result in either growth being phosphate limited and did not provide
uniform experimental plant material with respect to growth rate.

However, when plants were grown under more uniform and
controlled conditions and selected for experimental use based on their
growth rate (i.e. larger growth status), then the predicted difference
in growth rate between water movement treatments was observed.
Significantly, the difference in growth rate observed between different
water movement treatments could be approximately simulated by combining
the Briggs~Maskell equation for short term phosphate influx and
substituting this into the mass balance equation which incorporated the
Droop model of growth.

The water velocity required to achieve a growth saturation
response was between 2 to 4 cm s} . U. qustralis plants growing at Saint
Kilda probably only experience water velocities less than this between
tidal periods. Therefore, further research is needed into measuring the
changes and magnitude of water velocities within the marine environment.
Attempts to determine water movement variations using the clod card
method of Doty (1971) at Saint Kilda failed because the structure used
to hold the clod cards in place rapidly became fouled with U. australis.
Nevertheless, the results did show approximately that the water movement

was highly variable at different regions within the bay. This
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observation could explain the large degree of variance observed in
parameter measurements for plants collected from the field, as the
plants collected were not necessarily coming from a homogeneous

environment.

7.3. EXPERIMENTAL IMPLICATIONS FOR THE APPLICATION OF MODELS.

The use of the mass balance equation in combination with the
Briggs-Maskell equation approximately predicted the effect of water
movement on growth. An improvement in predicting the phosphate influx
could be achieved by modifying the Briggs-Maskell equation to
incorporate either the exponential model or un-competitive model of
phosphate influx. The decline in phosphate uptake correlated with the
decline in tissue phosphate concentration, but this was not always the
case as it was possible to observe a decrease in tissue phosphate
concentration without a subsequent decline in phosphate uptake. The
inability to predict the changes in phosphate uptake observed and the
observed variation in growth lag response meant that the application of
the different models varied between experiments, and as a consequence so
did the model constants (e.g. qo).

Theoretically the aim of any model is to predict the plant's
response under all conditions. Therefore, while individual components of
the model could predict their own particular processes, the combination
of the models could not accurately explain the observed experimental
responses for the matrix of possible physiological and environmental
states that could occur.

One of the problems with using models is the reliance on
parameters derived without any knowledge as to their mechanistic
implications. For example, the use of Vm and Km in the models formulated
to explain the enhancement of phosphate influx, were determined by the

fit of the Briggs-Haldane equation (program NONLIN) which cannot predict
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the observed enhancement, but the values were still able to be used with
success in the enhanced phosphate models (the values of Km and Vm
determined using NONLIN were approximately equivalent to the values
determined by eye).

The large experimental variation inherent in using plants
collected from the field emphasized the need to precondition plants for
a sufficient length of time to reduce this variation. Further, the
results showed that the method of preconditioning was also important in
determining the plant's response to the experimental parameters. This
variation is an important ecological phenomenon, but, it restricts the
use of empirically derived models and their associated constants to very
restricted application. Therefore, it would help to be able to
incorporate a larger range of interaction parameters (e.g. light, tissue
age) into any wide ranging model on algal growth before these types of
models can be used to predict growth rates in the field. The
developement of such models could have considerable significance in
determining management practices for cultivation, and harvest of wild
and cultured algal stocks, and the preservation of existing marine

flora.

7.4. ECOLOGICAL IMPLICATION OF THE OBSERVED INTERACTION BETWEEN
WATER MOVEMENT, PHOSPHATE INFLUX OR UPTAKE, TISSUE PHOSPHATE

CONCENTRATION AND GROWTH RATE.

Table 7.1 shows the observed interactions between the measured
parameters and water movement, phosphate starvation and growth status.
The interactions between the different processes studied and the model
constants also, have shown the importance of studying the metabolism of
plants under realistic conditions. For example, the increase in Km

emphasizes that it is not possible to correctly predict the success of
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one species in inter species competition for nutrients by comparing Km

values for different species (Healey, 1980).

Table 7.1. Parameter interaction summary in brief.

Parameter Increasing Phosphate Increasing
Water Movement Starvation Growth Status
Pi Influx increases increases increases
Pi Uptake increases varies increases
Growth rate increases decreases increases
go apparent - decreases
decrease
Umg constant - increases
Km decreases increases increases
Vm constant increases increases

The plant's ability to alter its environmental tolerance (e.qg.

variation in go, safety factor), and therefore increase its probability

of survival without wasting energetic resources on surplus metabolic

activity, is an important component of any model that attempts to

predict whole plant responses to the environment.

It can be concluded, then, that to be able to'accurately model

water movement, phosphate uptake and growth of U. australis it is

necessary to determine the considerable amount of interaction that

c
ocurs between the different processes that influence metabolism.

However, the effect of water movement can be of extreme importance to

plant nutrition, when the D.B.L. is limiting to nutrient transport.
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