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Ecological role of surface phosphatase activities of Rivulariaceae
A thesis submitted by Julia Yelloly for the degree of Doctor of Philosophy in the
University of Durham, England, February 1996
ABSTRACT

The literature suggests that the cyanobacterium Rivularia is found at sites where
organic phosphorus (P), at times forms a high proportion of total P in the environment.
Its ability to utilise organic P through “surface” phosphatase activity may be important
in its success. The aim of this thesis was to investigate this in detail using both field
material (from a freshwater stream and from a marine intertidal zone) and axenic
1solates of Rivulariaceae.

At both sites inorganic P concentrations peaked: in March/May (1992-4) at the
freshwater site, and in June (1992-3) at the marine site (although in S of the pools
containing Rivularia, inorganic P was maximal in February/March 1993). Pools
associated with rotting seaweed had higher concentrations of inorganic P (which made
up most of the total P) during peaks. It is likely that the high tide resulted in the
mixing of weed pool water with Rivularia pool water, slightly lower down the
eulittoral zone, and also influenced the retreating seawater. Organic P was a greater
proportion of total P in the pools containing Rivularia and was found to increase in
these pools during the tidal cycle, suggesting internal generation. At the freshwater
site organic P concentrations were higher in pools associated with peat than in stream
water. At the freshwater site phosphorus fractions were often below detection limits,
but combined nitrogen was rarely this low; the reverse was the case at the marine site.

At the freshwater site phosphomonoesterase activity of Rivularia was generally
high, except when hormogonia were present in the colonies. At the marine site,
phosphatase activity was usually low, with a peak using p-nitrophenyl phosphate
(pNPP) as a substrate in July/August and, using 4-methylumbelliferyl phosphate (4-
MUP) as a substrate in September/October, especially in 1992. Phosphatase activity
of Rivularia at both sites was negatively influenced by inorganic P and positively

correlated with the presence of hairs.
Ky (Michaelis-Menten constant) was lower using 4-MUP than pNPP in all

organisms assayed. Apparent negative cooperativity was found in 7-day cultures of
Calothrix parietina D550 using 4-MUP and in whole colonies of freshwater Rivularia

using pNPP.
These results were discussed with reference to the relationship between nitrogen

(N) and P at the sites and the enzyme kinetics of field organisms and axenic isolates.
Rivularia 1s successful in these apparently different environments probably because
organic P can be utilised when phosphorus is limiting and colonies are able to fix Nj
when N is limiting. Seasonal peaks in inorganic P probably allow regeneration of the

Rivularia population.
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CHAPTER 1
INTRODUCTION

1.1 General comments

The literature suggests that Rivulariaceae are found in both freshwater and
marine environments where organic P forms a large proportion of total P, at times
(Livingstone & Whitton, 1984; Khoja et al., 1984). These organisms are able to
utilise organic P through "surface" phosphatase activity. An axenic strain of
Rivulariaceae, Calothrix parietina D550 (Livingstone et al., 1983; Grainger et al.,
1989), as well as field samples of Rivularia colonies from two sites (Livingstone &
Whitton, 1984; Khoja et al., 1984) had high "surface" phosphatase activity. An
investigation into phosphorus concentrations during a year at sites with Rivulariaceae,
together with phosphatase assays would be important in determining the role of
phosphatase activity (organic P utilisation) in the ecology of Rivulariaceae.
Morphology and observations on populations would also be important since the
morphology, as well as the physiology, of Rivulariaceae is influenced by phosphorus

(Livingstone & Whitton, 1983).

1.2 Phosphorus
1.21 Forms in the aquatic environment

Phosphorus is required by all organisms yet its concentrations in some waters
may fluctuate; being as little as 1 pug 1-! at some times of year (Livingstone & Whitton,
1984). The direct source of phosphorus is erosion of rocks and soils (Ruttner, 1953).
Phosphorus forms < 0.1% by weight, of the earth’s crust. It is classed as a trace
element geochemically because it is so scarce, and as a key nutrient ion biologically
because of its scarcity in relation to biological demand (Moss, 1988).

Orthophosphate, a form of inorganic P, is made up of one PO43- group. It is the
most biologically available form of phosphorus (Bostrém et al., 1988) but is probably a
transient state and is therefore being rapidly cycled between phosphorus pools, mostly

organic which are not biologically available without alteration. Organic P sources
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include excretion from living material, as well as living material itself, and from dead
and decaying matter. Consequently unmodified organic P compounds are likely to be
high molecular weight compounds such as nucleic acids. Phosphatase enzymes are
involved in catalysing the hydrolysis of organic P into more utilisable inorganic P by
detachment from the organic part of the molecule. Phosphorus in the environment is
dynamic with turnover times of a few minutes to several hours (Rigler, 1956).

Phosphates can be individual, orthophosphate (orthophosphoric acid), or
condensed with another, pyrophosphate (pyrophosphoric acid), or many which may
combine to form chains or rings (Broberg & Persson, 1988). One or more of the
oxygen atoms may be replaced with another compound: orthophosphate may undergo
esterification with alcohol or phenols which form one or more esters, monoester,
diester, triester etc. (Fig. 1.1); forming an organic P compound (McComb et al., 1979).

Phosphorus is present in water bodies in the form of orthophosphate; mostly
H,PO4- and HPO42-, depending on pH; inorganic polymers; organic compounds and in
living organisms and detritus (Moss, 1988). Phosphorus is not particularly soluble;

solubility being related to calcium, iron and aluminium ions (Golterman, 1975).

0 o 0
I I I
R—O—P—OH R—O—P—O0— R RTO—P— OV

0 o] O
H H I
R'l
phosphomonoester phosphodiester phosphotriester
(monoester) (diester) (triester)

R represents the organic part of the molecule

Fig. 1.1 General formulae of phosphate esters
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Total P is the total amount of phosphorus in the environment. In the aquatic
environment this includes particulate and dissolved fractions (nominal porosity of filter
0.45 um giving a physical cut off that causes a fraction of colloids to be included in
dissolved phosphorus (Broberg & Persson, 1988)). These, in turn, can.be split up into
reactive and unreactive fractions.

After filtration, phosphorus that reacts with molybdate to form heteropoly blue
without digestion is usually termed filtrable reactive phosphorus, and is assumed to be
largely inorganic but it may also contain reactive organic P which, as high molecular
weight phosphorus compounds, may be utilisable by some algae whereas some
reactive fractions may not be (Broberg & Persson, 1988). Total filtrable phosphorus
forms heteropoly blue after digestion, incorporating reactive as well as unreactive
phosphorus.  Therefore total P minus reactive phosphorus gives unreactive
phosphorus, which is assumed to be mostly organic P, though it may also contain some

unreactive inorganic P (Livingstone & Whitton, 1984; Khoja et al., 1984).

1.22 Freshwater

In freshwater environments, concentrations of phosphorus may fluctuate due to
natural causes: storms, droughts, natural hydrological and microbiological process or
human causes: point sources including sewage and detergent discharges and non-point
sources such as agricultural inputs and atmospheric loading.  Schindler and
Nighswander (1970) found 17-18 pg 1-! P in rainwater in June / July and 9-12 pg 1-1 P
in January / February.

Phosphorus is an essential nutrient and, unlike nitrogen, there is no alternative
natural atmospheric source. For this reason fertility of water bodies is often
characterised according to mean annual phosphorus concentrations. The OECD

(Organisation for Economic Co-operation and Development) classifies lake waters

accordingly (Newman, 1988):

oligotrophic < 0010 mg 1 -1 total P
mesotrophic = 0.010 < 0.035

eutrophic = 0.035 < 0.100

hypertrophic > 0.100
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However, this classification is not always appropriate. Phosphorus
concentrations may fluctuate markedly or phosphorus inputs may cause a change in the
trophic status of a water body (eutrophication). The biological effect of increased
inputs may be far greater in some areas than in others. In Ireland, McGarrigle (1993)
used a combination of biological and phosphorus data in order to classify water with
signs of eutrophication. He found that waters were eutrophic with an annual median
phosphorus concentration above 30 pug 1-1, 5 ug I-1 lower than that specified above.
Changes in the natural chemical composition of water bodies alters the survival of
species native to them. Organism survival in low trophic environments is important in
understanding the possible effects of nutrient enrichment and enabling proper
conservation measures to be adopted to ensure their survival.

In a largely oligotrophic stream (Red Sike in Upper Teesdale, England), with
very low total filtrable phosphorus concentrations (1-3 pg 1-1) for most of the year
Livingstone and Whitton (1984) found extremely high levels of organic P in spring, up
to 1 mg I-!.  Although the organic P concentration peaked at least 100-fold, the
inorganic P concentration was only four times higher than the background level.
Other studies have found elevations in P concentrations, some in late spring
(Mulholland, 1992; Devito & Dillon, 1993a, b). Sazbo (1968) found that a major part
of the total P found in Sphagnum peat was organic and slow decomposition rates in
upland peat allowed nutrients to accumulate so that the peat could act like a sink
(Heath, 1992). Livingstone and Whitton (1984) suggested the ideal circumstances for
the release of this type of phosphorus would be when daytime temperatures are
relatively high but below freezing at night. Devito and Dillon (1993b) found this to be
the case: phosphorus and nitrate were flushed out of a Sphagnum coniferous swamp
system headwaters due to snow melt. They suggested that the drainage pattern of the
surrounding area may also affect the phosphorus concentrations in the environment.
Two of the tributaries of Red Sike in Upper Teesdale (England) studied by Livingstone
and Whitton (1984), drained from different sources:

1.  Limestone springs

2. Peat
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The peat-drained tributaries generally formed a larger proportion of water in the
main stream during high flows. At the time of high organic P concentrations, flow
was also high. Livingstone and Whitton (1984) measured phosphorus concentrations
during other times of yeér when flow was high and found that peat drainage did
contribute to a larger proportion of the stream water but the water showed only slightly
higher than background cc;ncentrations of phosphorus.

It seems that the height of the water table as well as the weather conditions
maybe important in determining the type and amount of peat drainage. However,
when the stream is peat drained, the pH is likely to fall (Grainger et al., 1989) which
may alter the solubility of inorganic P. This raises the questions: are organic P pulses
seasonal and if so, why and is organic P important in the success of the Rivularia

population at this site (see 1.5).

1.23 Seawater

Phosphorus is not generally considered to be a limiting nutrient in the marine
environment (Goldman et al., 1979). High concentrations of phosphorus, especially
organic P, were found in the upper intertidal region of the East Lothian coastline at
Tyne Sands, Scotland (Khoja et al., 1984). It was suggested by the authors that these
levels of phosphorus, more than two orders of magnitude higher than seawater, were
the result of cast seaweed on the strand line.

Seaweeds are important for nutrient cycling in coastal and estuarine
environments as they can act as nutrient sources at times of low nutrient levels
(especially on decomposition) and sinks at times when nutrients are above levels
required for growth (Hanisak, 1990; 1993; Lavery & McComb, 1991). Hanisak
(1993) suggested that decomposing seaweeds, especially when in large quantities, were
likely to be ecologically important in providing nutrients. In South Africa, McLachlan
(1983) found that stranded seaweed provided a source of food for the supralittoral
fauna and detritivores as well as nutrients which could nourish the interstitial
meiofauna of the whole beach. Studies on energy flow through cast algal systems

have shown that cast algae and detritus produce nutrients which return to the sea
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(Griffiths et al., 1983; Koop & Lucas, 1983; Robertson & Lenanton, 1984; Bradford,
1989).

Plant litter is generally considered to be an important component of terrestrial

(Minderman, 1968; Satchell, 1974), freshwater (Kaushik & Hynes, 1968) and marine

(Field et al., 1977; Velimirov et al., 1977; McLachlan et al., 1981) environments.

Marine algae are especially important because they:

1. Decompose between 2 - 10 times faster than vascular plants, perhaps because
they lack the tough fractile structural polysaccharides of vascular plants (Tenore, 1977,
1983; Godshalk & Wetzel, 1978).

2. Unlike vascular plants, they do not require fauna to decompose (Little, 1953;
Bedford & Moore, 1984), although the shredding of material by detritivores may
encourage bacterial growth, accelerating decomposition (Hargrave, 1970; Fenchel,
1972; Mann, 1972; Byren & Davies, 1986; Carpenter et al., 1988).

3. They are adapted to rapid accumulation of nitrogen and phosphorus from pulses

in the environment (Rhee, 1980; Ryther et al., 1981; Hanisak, 1990).

Fucus species have been found to have hairs associated with rapid uptake of
phosphorus (Hurd et al., 1993). Parts of the Fucus thallus with hairs have been found
to have higher phosphatase activity than those without (I. Herndndez, pers. comm.) and
Whitton et al. (1991) suggested that hairs may be associated with environments where
pulses of organic P compounds occur.

Marine algae are still used as natural fertilisers because during their lives they
concentrate nutrients in their tissues. Laminaria can accumulate nitrate to 28,000
times the concentration in the surrounding water (Chapman & Craigie, 1977). In salt
marshes decomposing plant material has been found to encourage growth of the green
alga Ulva fenestrata (Harrison, 1978).

The natural loss of fronds may cause cast algae. Laminaria hyperborea loses
old fronds in spring (Kain, 1971); or due to storm events (Kuhnemann, 1970).
However, the amount of algae cast on the strand line is not solely related to weather

conditions. Zobell (1971) noticed that late summer storms deposited more algae than
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early spring storms. Algae lose buoyancy when they decompose (Zobell, 1971;
Edgar, 1987) which may relate to whether they remain on the strand line, as well as the
sequence of high tide heights.

Khoja et al. (1984) suggested that the rotting seaweed played an important role,
perhaps through drainage, in the concentrations of the phosphorus fractions in the
pools of the upper eulittoral at Tyne Sands. The upper eulittoral area under study, is
described by Dring (1992) as one of the most variable environments on earth,
combining fluctuating salinity and temperature with fluctuating irradiance and nutrient
supply. Khoja et al. (1984) found changing concentrations of the phosphorus fractions
within the Rivularia pools on different days and within one tidal cycle.

Although the phosphorus concentrations in this system are likely to be higher
than in the freshwater system, the results of previous studies have raised similar
questions. Is the organic P produced seasonally, as a result of cast seaweed and is this

important for the Rivularia population (see 1.5).

1.24 Nitrogen : phosphorus ratio

Changes in the N : P ratio from an optimum requirement for most organisms of
7:1 by weight (Redfield, 1934), alters nitrogen or phosphorus to deficiency, depending
on which element is increased. Redfield (1934) suggested that cells were not under
carbon, nitrogen or phosphorus stress if these nutrients were available in the ratio
42:7:1, by weight. If there was a deviation from this ratio deficiencies in one or more
of the nutrients would prevent potential maximum growth. For example an N : P ratio
below 5 will probably favour nitrogen fixing species (Schindler, 1975; 1977). The
consequences of a shift in the ratio the other way may favour organisms that are able to
survive phosphorus limiting conditions. Gibson and Whitton (1987) found that hairs
formed when the N : P ratio in the cultures of Chaetophorales ranged between 5.4 -
7.2:1. Hairs are generally accepted to be associated with phosphorus deficiency
(Livingstone et al., 1983; Grainger et al., 1989, Whitton et al., 1991). These ratios
may be lower than those expected for phosphorus deficiency because cyanobacteria

often start to hydrolyse organic P before the condition of the organism deteriorates
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(Livingstone et al., 1983) or because organic P is the only source of phosphorus. The
ratio N : inorganic P is therefore important.

Nitrogen fixation and/or the ability to utilise organic P are likely to be
competitive advantages especially when the N : P ratio is not optimal. However, there
is a great deal of interrelationship between phosphorus and nitrogen. Although
nitrogen fixing organisms may primarily be influenced by phosphorus deficiency, for
example under N7 fixing conditions, P storage capacity may be reduced e.g. Anabaena

flos-aquae (Thompson et al., 1994).

1.25 Importance in biological systems

Organisms require inorganic P for metabolism. Because phosphorus is often the
limiting nutrient in aquatic systems, and most obviously in N2 fixing organisms,
strategies for adapting to phosphorus limitation have evolved. In cyanobacteria fast
uptake of phosphorus, large phosphorus storage capacity (polyphosphate bodies) and
utilisation of organic P (producing phosphatase enzymes) are strategies for maximising
phosphorus in the environment. These strategies are also appropriate if levels of
phosphorus or nitrogen are low or subject to fluctuation in the environment (Rhee
1980; Ryther et al., 1981; Hanisak, 1990; Whitton et al., 1991). Organisms that can
utilise organic P are at an advantage in an environment where much of the phosphorus
is in this form or where inorganic P is rapidly turned over or subject to fluctuation or
where N : P > 7. When inorganic P becomes limiting or is variable there may be an
increased species turnover, with organic P forming a larger proportion of the total P,

originating from dead and decaying material from organisms that are unable to survive.

1.3 Phosphatase

Phosphatases are enzymes which catalyse the hydrolysis of esters and anhydrides
of phosphoric acid (Feder, 1973). Phosphatases promote the degradation of a variety
of organic P compounds resulting in orthophosphate and an organic moiety in water
solutions or in metabolic processes: transport of substances across membranes or

synthesis of new organic P compounds (transphosphorylation) (McComb et al., 1979).
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Phosphatase enzymes which may or may not be substrate specific, are bond specific
and often categorised according to the type of organic P substrate for which they
catalyse the reaction (Feder, 1973). A variety of phosphomonoesters are hydrolysed
by phosphomonoesterhydrolases (monoesterases); phosphodiesters by diesterases,
including nucleases; phosphotriesters by triesterases (Fig 1.1). Also phosphatase
enzymes include enzymes acting on phosphoryl-containing anhydrides and enzymes
which act upon P-N bonds such as phosphoamidases. For simplification phosphatase,

unless otherwise stated, is used in this thesis to refer to phosphomonoesterases.

1.31 Occurrence of phosphatase enzymes

Phosphatases are widely distributed. Different phosphatase enzymes can occur
in the same cell as well as in different organisms, from bacteria to vertebrates
(McComb et al., 1979).

Enzymes can be intracellular, where the organic P molecule is transported into
the cell and the product is either utilised inside the cell or transported out, or the
enzyme can be extracellular. If the latter is the case, the enzyme is located outside the
cell where it comes into contact with substrate. The product may be transported inside
the cell. Extracellular phosphatases may be bound to the cell wall and are termed
“surface” phosphatase (Whitton, 1990).

The relationship between phosphatase activity and phosphorus was observed by
Horiuchi et al., (1959) and Torriani, (1960) when they found an inverse relationship
between phosphatase activity of E. coli and phosphorus in the growth medium. Garen
(1960) showed that mutants without phosphatase activity were unable to grow in media
lacking inorganic P.

Phosphatase activity has been found in many algae and cyanobacteria. A 10 to
25 fold increase in phosphatase activity has been found by growing some species of
algae in phosphate-poor media (Kuenzler & Perras, 1965). Many studies have
indicated that phosphatase activity can be correlated with algae and algal blooms
(Heath & Cooke, 1975; Jansson, 1975; Pettersson, 1980; Olsson, 1983) indicating that

the algae are responsible for the phosphatase activity rather than bacteria. Pettersson
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(1980) concluded that phytoplankton were the source of phosphatase activity since
bacterial biomass was negligible and spatial and temporal changes in phosphatase
activity correlated well with changes in chlorophyll concentration.

Most cyanobacteria are able to utilise organic P using “surface” phosphatase
enzymes which are usually inducible, when inorganic P is low and when the
concentration of substrate in the environment increases (Healey, 1982). These
enzymes are often repressed by orthophosphate (Kuenzler & Perras, 1965; Wynne,
1977).

Some cyanobacteria may be able to utilise different types of organic P. All
cyanobacteria tested by Whitton et al. (1991) showing phosphatase activity, were able
to hydrolyse phosphomonoesters, most were able to hydrolyse phosphodiesters, but
very few were able to utilise phytic acid. Most strains released monoesterase
extracellularly but none released diesterase. In the same study different cyanobacteria
were compared. Calothrix parietina D550 and Nostoc commune UTEX 584 both
showed monoesterase and diesterase activity when cellular P fell below 0.8 % dry
weight. However, the two species showed different pH optima and the effect of age
on phosphatase activity was different. These differences may indicate that the two
species had different phosphatase enzymes and that the enzymes showed different
characteristics, perhaps relating to their environmental conditions.

Water may contain phosphatase enzymes originating from sources such as
excretion from bacteria, plants and animals (Jansson et al., 1988), extracellular

enzymes or from lysis of dead or dying material (Berman, 1970).

1.32 Phosphatase activity as an indicator of phosphorus deficiency

Alkaline phosphataée activity is an enzyme induced response to phosphorus
deficiency (Shapiro, 1988), therefore an apparently ideal indicator of phosphorus
deficiency. Kuenzler and Perras (1965) found many species of marine algae produced
phosphatase enzymes when phosphorus deficient. They found that when algae were

phosphorus sufficient, production of alkaline phosphatase was repressed. Fitzgerald
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and Nelson (1966) found similar results with freshwater algae and suggested using

phosphatase activity to determine the physiologic state of algae.

K, the Michaelis constant (substrate concentration which corresponds to half
maximum activity i.e. 1/2 Vyyqy), values can be used as phosphorus deficiency
indicators. Pettersson (1980) found that the Ky, of the phosphatases in Lake Erken
varied by one order of magnitude during a year, with the lowest values in situations
with pronounced phosphorus deficiency. He concluded that phytoplankton adapted
themselves to low phosphorus supply not only by increasing their enzyme production
but also by producing enzymes with improved ability to use low substrate
concentrations.

Because phosphatase activity recycles organic P in the aquatic environment it has
the potential for regenerating inorganic P. But many studies failed to find an increase
in inorganic P concentrations during high levels of phosphatase activity (Rigler, 1961;
Berman & Moses, 1972; Pettersson 1980). However Berman (1970) and Kobori and
Taga (1979) found that inorganic P was produced when unfiltered water had been
subjected to chloroform, which kills the algae but does not affect the phosphatase
enzymes. Berman (1970) calculated that the inorganic P released as a result of
phosphatase activity would meet the demand of phytoplankton in Lake Kinneret.
Presumably, as fast as inorganic P was being released as a result of phosphatase
activity, it was being taken up by organisms. However, the rate of phosphatase
activity may be greater than that at which it is utilised.

Phosphatase activity is one important way in which organic P is turned over in
the environment and is likely to be especially important in environments where
phosphorus is predominately in the organic form (Livingstone & Whitton, 1984).
Phosphatase specific activity, activity divided by a biomass indicator (d. wt or chl a),
has been suggested as a phosphorus deficiency indicator (Pettersson, 1980; Gage &
Gorham, 1985).

Kuenzler and Perras (1965) found that algal phosphatase activity hydrolysed
glucose-6-phosphate and although the inorganic P was taken in by the cell, the glucose

remained in solution. This has been the basis for phosphatase assays. Known
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concentrations of organic P substrate are added to a phosphorus-free medium and the
enzyme assayed catalyses the hydrolysis of the substrate into a product. In a
phosphatase assay the products formed are inorganic P and an organic moiety which
may be detectable. In the case of phosphomonoesters, the moiety is released on a 1:1
ratio with the inorganic P, in the case of diesters the ratio is 2:1 and with a triester the
ratio is 3:1. Phosphomonoesterases have broad specificity against different substrates;
their activity is only restricted to the P-O bond of phosphomonoester (Jansson et al.,
1988). Metal ions, usually Zn 2+ are incorporated into the active site of the enzyme
(McComb et al., 1979), therefore the concentration of divalent cations is important in
any study of phosphatase activity.

Phosphatase activity can be measured either by measuring the inorganic P, which
may already have been taken up by the cells, or by measuring the organic moiety. The
hydrolysis of the monoester pNPP, forms a yellow organic moiety, pNP, which can be
measured in a spectrophotometer. Many studies have used this method (e.g.
Livingstone et al., 1983;'Livingstone & Whitton, 1984; Hernadndez et al., 1992), but
the detection limit of this product is high in comparison to substrates such as 4-MUP
which produces the fluorescent product, 4-MU. This method has been used by Chrést
and Krambeck (1986), Jansson et al., (1988) and Chappell and Goulder (1992)
amongst others. Very few studies have compared calorimetric and fluorimetric
methods (e.g. Berman et al., 1990; DeBoever et al., 1995).

- Interference with phosphatase activity as a deficiency indicator, especially in

phytoplankton, may be caused by the following factors:

1. Dissolved phosphatase enzymes are not traceable and may be active for several

days or weeks

2.  Constitutive phosphatase activity in microorganisms (i.e. that which does not
vary depending on phosphorus deficiency) may vary between species

3. Concentration and supply of substances other than phosphorus for example
pyrimidines or guanine (Wilkins, 1972), particulate cAMP (Franko & Wetzel, 1982)
and dissolved nucleotides (Franko, 1984), which may affect phosphatase activity

4.  Diurnal variations in phosphatase activity
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5. Organisms used in the assay: phytoplankton composition and/or associated

bacterial phosphatase activity (Jansson et al., 1988)

Phosphatase activity in the environment is different to that measured under assay

conditions because:

1. Substrate concentrations are often much lower in the natural environment than in
a phosphatase assay

2. Substrates used in assays are artificial and always of one type, not a mixture, as
might be the case in the natural system. The affinity of the enzyme(s) to the artificial
substrate is likely to be different to that of the natural substrate(s)

3. External temperature and pH are often not sufficient to cause suitable reaction

times in assays, so are often increased in assays (Jansson et al., 1988).

Phosphatase assays may be especially useful in long-term monitoring
programmes, highlighting periods of phosphorus deficiency and sufficiency. The
presence of hairs has been positively correlated with phosphatase activity in
Chaetophoraceae (Gibson & Whitton, 1987). It is likely that organisms with the
potential to grow hairs would be sensitive to phosphorus concentrations in the
environment. Whitton (1988) reviewed hairs in eukaryotic algae and their possible
functions which include phosphorus uptake through increased surface area and
phosphatase activity. Morphological features, such as the presence or absence of
hairs, can be used as a supplement to phosphatase assays as an indicator of the

phosphorus status of an environment.

1.33 Types of phosphatase enzyme

There are several ways phosphatase enzymes are classified. One way is by the
type of molecule, for example protein phosphatases; or the type of environment they
work in, acid or alkaline phosphatases; or the types of substrates they work on;
phosphomonoesterase or phosphodiesterase (Fig. 1.1).

Reaction optima for alkaline phosphatase activity are well above neutral pH

(Ross et al., 1951). Olsson (1990) found that, after liming, an acid lake had a more
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diverse phytoplankton community and he suggests that liming the lake affected the
dominant species so that those with activity at a higher pH optima were favoured. In
this way it seems that environmenfal pH may affect the composition of a community
such that the pH optima is changed in the same direction as the change in
environmental pH. It is interesting then, that so many species producing alkaline
phosphatase activity show pH optima well above their environmental levels (Whitton
et al., 1991), though species with more calcium environments do have significantly
higher pH optima than those without (Livingstone & Whitton, 1984).

Unlike alkaline phosphatases, acid phosphatases are generally not repressed by
orthophosphate (Kuenzler & Perras, 1965; Wynne, 1977). It seems, therefore, that
acid phosphatases may be constitutive, being synthesised most of the time (Jansson et
al., 1988). Mahasneh et al. (1993) reported that synthesis of alkaline phosphatase was
related to ambient phosphorus concentrations: on the addition of 10 mg 1! inorganic P,
phosphatase activity decreased and cellular P increased. Acid phosphatase enzymes
may serve internal phosphorus metabolism, while alkaline phosphatases may have

external functions, with synthesis beginning in the presence of suitable substrates

(Jansson et al., 1988).

1.34 Phosphatase activity
1.341 Substrate affinity

The affinity of phosphatase enzymes for substrate can be estimated by carrying
out kinetics experiments. These involve measurement of activity at different substrate
concentrations. A double reciprocal plot of activity (v) against substrate concentration
([S]) enables the estimation of K, and Vyqx (Fig. 1.2). Vpax, also known as the
maximum velocity, is the maximum rate of activity. The substrate concentration at
which half the activity of Vyugx is produced, is known as the K;,, the Michaelis-
Menten Constant or apparent half saturation constant. The values of these are
important in comparing the ability of enzymes to catalyse the hydrolysis of substrates.
A high affinity for substrate is indicated by a low Ky, and vice versa. Ky, values of

phosphatases from eutrophic lakes can be 100 times higher than phosphatases from
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oligotrophic and mesotrophic lakes (Pettersson, 1980; Chrést & Overbeck, 1987).
Affinity for substrate may be different when comparing different levels of phosphorus
deficiency, as above; different substrates or different organisms.

Phosphatase activity was stimulated by the cations: Mg, K, Zn, Co and also Ca
(Grainger et al., 1989) and inhibited by EDTA, especially at alkaline pH (Cembella et
al., 1984, Grainger et al., 1989). Inorganic P, above 0.1 mM had a marked inhibitory
effect on phosphatase activity on Calothrix parietina (Grainger et al., 1989). This is
common for inducible phosphatase enzymes (Torriani, 1960; Ihlenfeldt & Gibson,
1975; Chrést & Overbeck, 1987). Inorganic P is the product of phosphatase activity
and has been shown, in many studies, to bind to the active site of alkaline phosphatase
enzymes (Engstrom, 1964; Hull et al., 1976), acting as a competitive inhibitor and
interfering with the ability of the enzyme to bind with the substrate. Under these
conditions higher substrate concentrations are needed to produce the same activity,

resulting in a higher Ky, but the same V4 (Fig. 1.2).

/v . e
with competitive inhibitor
without competitive inhibitor
WV max
-1/K,, (D -1/K,, (+1) 1/[S]
Fig 1.2 Lineweaver - Burk plot to show the effect of competitive inhibition on enzyme affinity for

substrate

Phosphatase assays of field organisms may posses more than one phosphatase
enzyme. In this instance the Michaelis-Menten equation is not theoretically correct

since the values obtained for K;; and Vy,gqx will be a mixture of the enzymes present.
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However, this method is useful in characterising a group of enzymes for comparison

(Jansson et al., 1988). The Ky, value for a specific enzyme will vary with pH,
temperature and ions present in the media. At optimum pH and temperature, a higher

affinity is achieved.

1.342 Reaction mechanism
The reaction mechanism of hydrolysis of phosphorus esters, catalysed by

phosphatase enzymes is shown in Fig. 1.3.

Fig. 1.3 Hydrolysis of phosphate esters catalysed by alkaline phosphatase enzymes (McComb et
al., 1979)

1. Non-covalent binding of the substrate to the enzyme - Michaelis Complex

2. Alcohol release from the complex and orthophosphate becomes covalently bound
to the enzyme forming a phosphoryl-enzyme compound

3. Conversion of the phosphoryl-enzyme compound, through uptake of water, to a
non-covalent complex

4.  The release of orthophosphate and regeneration of free enzyme

Any of the steps 2-3 can be rate limiting for the overall reaction (McComb et al.,

1979).

14 Rivulariaceae
Rivulariaceae are a family of cyanobacteria, the largest and most widespread

group of photosynthetic prokaryotes which are only absent at very low pH values, and
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staining for phosphorus, polyphosphate bodies were shown in the trichomes very soon
after the addition of inorganic P (Sinclair & Whitton, 1977).

Castenholz and Waterbury (1989) suggest that hormogonia formation is
associated with reoccurrence of phosphorus in the environment. Islam and Whitton
(1992) found cyanophycin and polyphosphate granules in hormogonia from Calothrix
D764, pointing out that this is likely to be the result of the reappearance of phosphorus
in the medium.

In his review of hairs in eukaryotic algae, Whitton (1988) suggests that they may
have many roles: e.g. to prevent problems caused by desiccation, as secretory
structures and to aid nutrient uptake. Presumably the role of hairs in Rivulariaceae is
similar. Hairs form at the same time as phosphatase activity begins, < 10 ug P mg d.
wt-1 and staining showed phosphatase activity on the walls of hair cells and adjacent
chlorophyll containing cells (Livingstone et al., 1983).  Whitton (1987b) and
Mahasneh et al. (1990) concluded that the hair was the site of “surface” phosphatase
activity in the Rivulariaceae they studied. DeBoer and Whoriskey (1983), Livingstone
and Whitton (1984) and Whitton (1988) suggest that hairs may be an adaptation to
pulses of nutrients. Rhee (1980) and Cembella et al. (1984) suggest that a large
storage capacity for phosphorus, in polyphosphate bodies, would be especially
important to organisms when phosphorus in the environment is likely to be subject to
pulses. Whitton (1988) also suggests that hair-forming species would be more
successful in unpolluted calcafeous freshwater environments where most of the
phosphorus would be in the organic from because the inorganic P is likely to be
deposited with oxidised Fe II. J.W.G. Lund noticed the abundance of Rivularia
colonies in the nutrient poor habitat of Upper Teesdale (Livingstone & Whitton, 1984).

An evolutionary parallel is suggested by Whitton (1987a) between the hairs of
Chaetophoraceae and those of Rivulariaceae. The longest hairs grow in response to
phosphorus limitation in both species (Stigeoclonium: Gibson & Whitton, 1987;
Calothrix parietina: Livingstone & Whitton, 1983). Both cultures formed hairs in

response to Fe deficiency, but these were less well developed and did not have

phosphatase activity.
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In cyanobacteria, as in other microorganisms, orthophosphate uptake is
hyperbolic with respect to concentration (Whitton, 1992). Yet many unpolluted
freshwater environments are phosphorus limited. Under phosphate limited conditions,
phosphorus uptake is only linear below 10 mM while in organisms preconditioned to
high phosphate linearity of phosphorus uptake extends to higher levels.

Calothrix, Dichothrix and Rivularia are able to fix N3 in heterocysts at the base
of each filament. Rivulariaceae inhabiting intertidal environments have been found to
have reduced levels of nitrogenase activity during periods of high salinity (Calothrix
scopulorum: Jones & Stewart, 1969; Rivularia atra: Reed & Stewart, 1983). It has
been suggested (Whitton, 1992) that increased photosynthesis and the relocation of
energy resources resulting in a decrease in nitrogenase activity would be initiated in
response to high salinity.

Studies in Upper Teesdale (Livingstone & Whitton, 1984) and at Tyne Sands
(Khoja et al. 1984), both sites where Rivularia were abundant, showed that these
organisms had high phosphatase activity, with hairs that stained positively. These two
sites had unusually large concentrations of organic P. It was speculated that the high
levels of organic P and the high levels of phosphatase activity in these organisms were

connected to their presence at these sites.

142 Rivularia

Rivularia is one of the more complex genera of prokaryotes. It forms
hemispherical or spherical colonies consisting of trichomes with a basal heterocyst
and, in phosphorus deficient conditions, is likely to possess a hair at the other end of
each trichome. Trichomes radiate out from a central ring, each one having a
heterocyst at its basal end. Mucilaginous sheaths, around the trichomes, contain the
pigment scytonemin (Pentecost, 1987), probably as a protection from UV radiation,
causing the dark brown colouration of the colonies.

Rivularia colonies are probably formed by the association of trichomes (Whitton,

1987b) which make it very difficult to culture axenic strains. Many isolates of colony
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forming cyanobacteria have lost their ability to form colonies (Whitton, 1992) as
bacteria may be essential in colony formation (Schwabe & Mollenhauer, 1967).

The trichomes are tapered. Growth occurs at the basal end, near the heterocyst.
It is in the heterocyst that nitrogenase enzymes are found. At Tyne Sands, Rivularia
atra colonies have marked nitrogenase activity (Khoja et al., 1984), however
Livingstone et al. (1984) found that there was a 400 : 1 difference in the CO» fixed to
N> fixed during daylight hours in R. biasolettiana from Red Sike. They suggest that,
at this site, much of the nitrogen requirements of the colony come from combined
nitrogen in the environment.

The genus is fairly widespread, growing in fast-flowing streams, salt marshes,
intertidal regions, lake plankton and as an epiphyte on submerged plants. It usually
grows on calcareous substrata where the water is almost always calcareous (Jaag,
1945; Pentecost, 1978) and where it does grow, it grows in large numbers and may be
dominant. It has been postulated that there are features common to all the habitats
where this genus occurs, particularly a large proportion of total P being organic (Khoja
et al., 1984; Livingstone & Whitton, 1984).

Rivularia colonies are individual and easily recognisable which makes it a
suitable organism for experimentation. Livingstone and Whitton (1984) found the
features of Rivularia at Red Sike to lie somewhere between R. biasolettiana and R.

haematites and referred to it as R. biasolettiana. Rivularia from Tyne Sands is R. atra

(Khoja et al., 1984).

1.43 Calothrix

The trichomes of Calothrix are very similar to those of Rivularia and Dichothrix
having a heterocyst at the basal end and may have a hair in phosphorus deficient
conditions (Livingstone et al., 1983). Another similarity to Rivularia is the formation
of hormogonia which form one after another, and give rise to new filaments (Geitler,
1932). Calothrix and Rivularia differ in that although the trichomes of Calothrix may

aggregate, they do not form distinct colonies growing as sheets on the substrate
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surface. Dichothrix is very similar to Calothrix, the main difference being that
Dichothrix filaments show more false branching (Geitler, 1932).

Studies have been carried out on the relationship of phosphorus to morphology
(Sinclair & Whitton, 1977; Livingstone & Whitton, 1983), physiology (Livingstone et
al., 1983) and phosphatase activity (Grainger et al., 1989; Whitton et al., 1991) of
batch cultures of Calothrix pdrietina D550. This strain was isolated from an Upper
Teesdale stream, Sand Sike in 1979. The culture medium, at the point of subculture,
contained 1 mg 11 phosphorus, as an attempt to reflect the low phosphorus
concentrations of its original habitat. The morphological study (Livingstone &
Whitton, 1983) found 4 stages of trichome development in relation to phosphorus
levels in the media. The first stage was the introduction of hormogonia to fresh media
containing 1 mg 1-1 phosphorus. Stage II started with the differentiation of a
heterocyst . Hormogonia formed from these trichomes, but the extent of hormogonia
formation depended on the phosphorus concentration of the medium. Stage IIT was
marked by the development of the hair. Hairs formed when the cellular phosphorus
concentration dropped to a mean of 10 ug P mg d. wt-!, although cultures still
appeared healthy until a minimum of 2.5 ug P mg d. wt-1. Phosphatase activity began
on the wall of the hair cells connected to chlorophyll-containing cells and the part of
the sheath furthest from the heterocyst. Stage IV began after the addition of 1 mg I-!
inorganic P. Hormogonia could be seen within the apical end of the chlorophyll
containing part of the trichome within 8 h. Normally 5 hormogonia were released
after the hair dropped off during this stage, compared to one in stage II.

Livingstone et al. (1983) suggested that the presence of hairs in this strain,
enables the organism to use organic P when inorganic P in the environment is low

which is the case in Upper Teesdale, England, from where this strain was isolated

(Livingstone & Whitton, 1984).
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1.5 Aims
Previous studies showed high phosphatase activity in Rivularia from two very
different environments: a freshwater stream; Red Sike (Livingstone & Whitton, 1984)
and a marine intertidal zone; Tyne Sands (Khoja et al., 1984). For a description of
these sites see 3.1 and 3.2. The hypothesis being tested was that environments where
Rivulariaceae are present often have intermittent pulses of organic P, and that an ability
to utilise organic P, through "surface" phosphatase activity, is an important feature of
their ecology. The apparent contrast between the two sites would provide the best
solution to test this, using phosphatase assays and morphological features of

Rivulariaceae, especially Rivularia, and chemical features, particularly phosphorus.

Long-term field studies

1. To relate phosphorus and nitrogen fractions at a freshwater and a marine site to
phoéphatase activity (using pNPP and 4-MUP) of Rivularia, Ralfsia verrucosa (later in
study) and water (0.7 uM filtered) over at least one year of monthly sampling

2. Record changes in morphology of Rivularia which may be. associated with
change in environmental phosphorus fractions and N : P ratio

3. Record changes in the population of Rivularia which may be related to organic P

in the environment

Intensive field studies

Establish the source of phosphorus fluctuations found in the long-term field

studies at both sites

Experimental studies

Examine the mechanics of phosphatase activity in field and axenic organisms

using two different substrates: pNPP and 4-MUP
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CHAPTER 2
MATERIALS AND METHODS

2.1 Environment
2.11 Physical Parameters

On each sample date physical parameters were measured. These were slightly
different at each of the two sites, outlined in Chapter 3.

A Wissenschaftliche-Technische Werkstiten (WTW) meter (model pH91),
calibrated with standard buffers before use, was used to measure water pH. Total
alkalinity was measured by titrating 0.02 M HCI into 50 ml of settled water sample

until the pH reached 4.2, calculated according to Golterman et al. (1978):

Total alkalinity (meql-'l) = v x N x 50000 x 0.0499/V 1)

where v is the volume of acid used, N is the normality of acid, V is the volume of

sample.

Current was measured using a calibrated Ott meter, positioned perpendicular to
the flow of water at the fastest flowing part of the stream. The blade was placed 1/3
the depth of the water. Revolutions measured per minute were converted to m s-!
(Patterson, 1983). Absorbance of filtered water sampies was measured at 420 nm on a
Shimadzu dual beam spectrophotometer (UV 150-02) in a 1 - cm cell.

Water conductivity and temperature were measured using a WTW meter (model
FC 910), rotating the submerged probe in the water at the collecﬁon point. Salinity
was measured in a salinity refractometer (Atago, Japan). Salinity was expressed in %o
(practical salinity units). Weather conditions, cloud cover, wind speed and direction

were also noted.

2,12 Standard laboratory techniques
All glassware, plastic pipette tips and other material was washed in 10 % H2SO4
for standard nutrient analysis (HNO3z-washed for cations) or washed in 2 % decon

(Decon Laboratories Ltd, England), for routine phosphatase assays and culture work.
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Bungs and cuvettes were washed in distilled water only. Equipment was left to soak
in the cleaning solution for no less than 20 min, soaked in distilled water then rinsed
six times in distilled water. Glassware was dried in an oven at 105 °C, plastics were
dried in an oven at 40 °C.

AnalaR chemicals were used to prepare stocks. These were weighed out on a
Sartorius 1474 balance and dissolved in MilliQ water. Stocks were generally stable
but were discarded and remade if the solution changed in any way (became cloudy,
showed precipitation or organism growth).

All blanks and standards for nutrient analysis were made up in MilliQ water and
treated in the same way as the samples unless otherwise stated (e.g. some seawater
analysis). AnalaR grade inorganic chemicals were supplied by BDH and organic
chemicals were supplied by Sigma.

Water was collected from the site in a 2 1 plastic beaker. It was allowed to settle
for 5 min and then poured into polyethylene bottles, put on ice and transported back to
the laboratory. Immediately on return, 1 - 4 h after collection, the water was filtered.
All filtration was through Whatman GF/F filters (approximately 0.7 um porosity),
unless otherwise stated.

Samples of water were analysed for phosphorus on return to the laboratory or
refrigerated (< 5 °C) for phosphatase assays and for cation analysis (see 2.16 for
filtration); or frozen (-20 °C) for nitrate, nitrite and ammonium analysis (Parsons et al.,
1984).

Detection limits were based on Sutcliffe (1979), unless cited otherwise.

2.13 Phosphorus

Phosphorus fractions were analysed the same day they were collected. The
analysis used was the molybdenum blue technique (Murphy & Riley, 1962) as
modified by Eisenreich et al. (1975).

TFP was analysed by digesting 25 ml of sample with 5 ml of Digestion Reagent
(Table 2.1) at 1 bar for 20 min before addition of 5 ml Mixed Reagent 1 (Table 2.1).

Digestion in persulphate and acid causes all the phosphorus, reactive and unreactive, to
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form “molybdate blue” after addition of Mixed Reagent 1. The colour has an optical
density of 882 nm which is proportional to the total phosphorus present. The colour
was stable between 10 min - 2 h.

FRP was measured similarly but the solution was not digested in acid, so that the
only phosphorus producing molybdate blue was reactive after addition of 5 ml of
Mixed Reagent 2 (Table 2.1) to samples, blanks and standards.

FOP was taken as the difference between TFP and FRP. TFP is referred to as
total P, FRP is referred to as inorganic P and FOP is referred to as brganic P in the text.
For low phosphorus concentrations (< 20 pg 1-1), 10 cm cells (Helma, UK) were used.

Detection limits were 1 pg I-1 PO4-P for FRP and TFP, and 3 pg 1-! PO4-P for FOP

(Livingstone & Whitton, 1984).

Table 2.1

Stock solutions and reagents for phosphorus analysis

Reagent stocks (stable)

Reagents (made daily)

Digestion
100 ml 18 M H72S80O4 mixed with 500 ml distilled

water. Make up to 1000 ml, when cool.

Molybdate
Dissolve 10.84 g of NapMoO4 2H20O in 500 ml

distilled water. Make up to 1000 ml.

Antimony
Dilute 53.3 ml of conc. HpSO4 with 500 ml

distilled water, allow to cool then dissolve 0.728 g
K(SbO) C4H40g¢ in this solution.
Make up to 1000 ml with distilled water and filter

if a precipitate appears.

Digestion Reagent (TFP)

6 g potassium persulphate mixed with approx.
60 ml distilled water and 25 ml digestion stock
(heated and stirred). Make up to 100 ml when

cool.

Mixed Reagent 1 (TFP)
Dissolve 0.2 g ascorbic acid in a little distilled
water. Add 25 ml antimony stock, 25 ml

molybdate stock and make up to 100 ml with

distilled water.

Mixed Reagent 2 (FRP)

Dissolve 0.2 g ascorbic acid in a little distilled
water. Add 25 ml antimony stock, 25 ml
molybdate stock and 10 ml digestion stock, then

dilute to 100 ml with distilled water.
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Calibration curves of phosphorus standards were made up from 1000 mg 1-1
PO4-P. Standards were made as 50 ml and split between analysis for FRP and TFP.
Phosphorus analysis was the same for freshwater and seawater.

There are various problems associated with the molybdate method, such as in
differentiating the fractions, but it is quick, cheap and effective at low concentrations in
comparison to other methods (ion & gel chromatography, NMR, gel filtration,
radiobioassay, enzyme assay, chemical etc.). It is widely used and problems may be
overcome, for example humic acids may interfere with the detection of inorganic P
using the molybdate method, causing an overestimate (Jones, 1992; McGarrigle &
Kilmartin, 1992) but absorbance of water at 420 nm, the brown region of the spectrum,
can be used as an estimation of the humic acid content and therefore indicates any
possible level of interference. In order to test the effect of humic acid on phosphorus
analysis, a sample from Red Sike with high absorbance at 420 nm, 0.035, was spiked
with 50 pg 1-1 PO4-P. There was no change in FRP concentration.

Replicates were always taken at Red Sike, but due to the large number of
samples at Tyne Sands, only seawater replicates were taken for routine analysis, to
check the accuracy of sampling. The highest standard deviations (n=4) were, for total
P when the mean was 130.2 + 8.44 ug -1, inorganic P when the mean was 114.0

8.58 ug I-! and organic P when the mean was 16.2 + 6.30 pg 1-1 all taken on 15 June

1992.

2.14 Nitrate
2.141 Freshwater

Defrosted water was analysed for nitrate using the method of Bendschneider and
Robinson (1952), outlined by Stainton et al. (1977). Nitrate, in an alkaline buffered
solution, was reduced to nitrite in a cadmium-copper reduction column. The column
was adjusted so that 50 ml of solution ran through it in 4 - 6 min.

50 ml of sample was treated with 2.5 ml alkaline buffer and passed down the
cadmium column. To avoid contamination, blanks were run through the cadmium

column first and only the last 25 ml of each sample was collected for analysis. 0.5 ml
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of sulphanilamide was then added and 0.5 ml N-1-naphthylethylenediamine-
‘dihydrochloride (NNED) was added 5 min afterwards to yield a pink azo dye. The
absorbance of the dye at 543 nm was proportional to the nitrate concentration of the
sample. The colour was stable 10 min - 2 h. Readings were taken in 4 cm quartz

cuvettes. The detection limit was 1 g 1-1 NO3-N (Parsons et al., 1984).

2.142 Seawater

The analysis of nitrate from seawater is very similar to freshwater, though there
are some differences. The procedure is outlined by Parsons et al. (1984). 1 ml of
concentrated ammonium chloride was added to the samples before being reduced by
the cadmium column.

Due to the effect of salt on nitrate concentration, standards were made up in
synthetic seawater and the blanks were dilute ammonium chloride solution (Parsons et

al., 1984). The detection limit for analysis in seawater were also 1 ug I'! NO3-N

(Parsons et al., 1984).

2.15 Nitrite

Because the method for nitrate analysis converted nitrate to nitrite in the
cadmium column, any original nitrite in the sample would be encompassed in the
nitrate fraction. Therefore nitrite analysis, similar to nitrate analysis but without the
reduction step, was carried out on a few samples to check there was no significant

concentration of nitrite present. The detection limit for nitrite was 1 pg 1-1 NOy-N

(Parsons et al., 1984).

2.16 Ammonium
2.161 Freshwater

Ammonium analysis was carried out at the same time as the nitrate and nitrite
analysis of the defrosted samples and was based on the method of Solorzano (1969).
25 ml of samples were treated with 1 ml phenol solution (100 g phenol dissolved in 95

% ethanol, made upto 1.0 1), then 1 ml sodium nitroprusside solution (1.0 g sodium
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nitroprusside dissolved in MilliQ water and made upto 200 ml), then 2.5 ml oxidising
solution (4 parts alkaline solution: 100 g sodium citrate and 5 g sodium hydroxide
dissolved in 500 ml MilliQ water, and 1 part hypochlorite stock, made fresh daily).
Indophenol blue was formed. The blue colour, with an absorbance of 640 nm, was
| proportional to the ammonium concentration. The solution was stable between 1 - 24

h. Readings were taken in 10 cm quartz cuvettes. The detection limit was 2 pg I-!

NH3-N (Parsons et al., 1984).

2.162 Seawater

The procedure for seawater was similar to that of freshwater except that the blank
was made using seawater where the ammonium content had been reduced: 1 1 of
seawater was boiled, after the addition of 5 ml 1M NaOH, until it had reduced to 0.7 1.
The seawater was then neutralised with HCI; made up to 1.0 1 with MilliQ water then
filtered through a Whatman GF/C filter (Solorzano, 1969). The detection limit was

also 2 pg 1-1 NH4-N (Parsons et al., 1984).

217 Cation analysis

Nuclepore filtered (0.2 pm) and unfiltered water samples were preserved with 0.2
ml of concentrated HNO3. Samples were stored below 5 °C until they were analysed
on a flame atomic absorption spectrophotometer for Fe, Mn, Ca (total only), Mg (total
only) and K (total only). Detection limits for cations were: Fe, 0.030; Mn, 0.004; Ca,

0.050; Mg, 0.050 and K, 0.050, all in mg 1! (Livingstone & Whitton, 1984).

2.2 Biological analysis
221 Estimation of abundance
At Red Sike, Rivularia biasolettiana was the dominant organism, so percentage

cover of the Rivularia colonies on the stream floor was estimated. At Tyne Sands,
however, R. atra was more infrequent and Ralfsia verrucosa was also present in the
pools so a scale of 1 - 5 of Rivularia abundance was more appropriate:

5 = very abundant

4 = abundant

3 = frequent

2 = occasional
1 =rare
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2.22 Collection and storage of cyanobacteria and algae
Rivularia colonies (5 - 7 mm at Red Sike and 1 - 2 mm at Tyne Sands),
“Dichothrix” community and Ralfsia (Tyne Sands only), were collected from rock
substrate with forceps. The material was put into separate acid washed Petri dishes,
with a few ml of stream or seawater. They were transported back to the laboratory on

ice (1 - 4 h) and refrigerated (up to 24 h).

2.23 Taxonomy

On return to the laboratory, organisms were studied under a microscope and
identified using Geitler’s flora (1932).

On 19.10.1991 Calothrix was collected from Tyne Sands, identified and made
axenic. After becoming axenic it appeared more similar to Dichothrix in Geitler’s flora
(1932).  On 28.5.94 material from the same site appeared to be largely Tolypothrix
(see 5.4). Morphological variability is known to exist in cyanobacteria, especially
where the ecological features of environments may vary (Whitton, 1992). Without
molecular studies the exact identification of this genera is impossible. For simplicity
the field community from which the axenic culture originated is called the
“Dichothrix” community.

Rivularia from Red Sike is referred to as Rivularia biasolettiana (see 1.42).

Rivularia from Tyne Sands is R. atra.

2.24 Microscopy and photomicrography

Colonies were sectioned using a razor blade and mounted in a drop of the stream
water or seawater and observed under a Nikon Fluophot microscope. Hairiness and
the presence of hormogonia were recorded as percentage of trichomes with hairs or
hormogonia. Colony diameter was also recorded.

Photomicrographs were taken with a 35-mm camera attached to the microscope

on 100 ASA Tungsten film.




2.25 Alkaline phosphatase assay
2.251 Standard phosphatase assay

Phosphomonoesterase activity is referred to as phosphatase activity, as no other
esters were used. Phosphatase activity was measured in organisms and filtered water.

All methods used 100 mM buffers (Table 2.2) made up in assay medium.

Table 2.2  Buffers used in standard alkaline phosphatase assays

pH Buffer Buffe‘ring pKa at 20 °C
capacity
7.0- 8.0 HEPES - NaOH 6.8- 8.2 7.5
8.5 HEPPS - NaOH 73- 87 8.0
9.0-10.5 glycine - NaOH 8.6-10.6 9.6
11.0 CAPS - NaOH 98-11.1 10.4

Two types of assay medium were used. For freshwater assays Chu 10D assay
medium (Table 2.3), based on Chu 10D medium (Chu, 1942) and modified by Gibson
and Whitton (1987) but without N and Si, with 1.00 rather than 1.78 mg 1-! P and 0.124
rather than 1.44 mg 1-1 B, was used. The concentration of these elements was that of
Grainger et al. (1989) using Calothrix parietina D550. Assay medium was different
from culture medium in that no phosphorus was present, K;HPO4 was replaced by KCl
and the Fe-EDTA concentration was halved.

For saline assays the assay medium was modified by adding salts from the
medium ASP-6 (Fries, 1963) at half concentration, to achieve 12 %o salinity and is

referred to as 50 % ASP-6-Chu 10D (Table 2.4).
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AC micro elements as for Chu 10D (see Table 2.3)

Table 2.3 Freshwater phosphatase assay medium based on Chu 10D
Chemical mg I-1 uM Element mg -1 uM
CaCl2°2H20 35.83 243.7 cl 20.43 576.3
MgSO4°TH20 25.00 101.4 Ca 9.77 2437
NaHCO3 15.85 188.6 Na 4.74 198.1
KCl 428 57.4 S 3.26 101.7
Nap EDTA*2H30 1.67 420 Mg 2.46 101.4

~ FeCl3°6H20 1.21 4.50 K 2.24 57.3
AC micro elements Fe 0.250 4.50
H3BO3 0.715 11.56 B 0.124 11.50
ZnS0O4°7H20 0.056 0.190 Zn 0.013 0.190
MnClj *4H20 0.045 2.280 Mn 0.012 0.218
NiSO4°7H20 0.038 0.135 Ni 0.008 0.030
CuS04°5H20 0.020 0.078 Cu 0.005 0.078
CoSO4°7H20 0.010 0.035 Mo 0.003 0.013
NapMoO4*2H0 0.007 0.028 Co 0.002 0.037

Table 2.4 Saline phosphatase assay medium based on 50 % ASP-6-Chu 10D
Chemical mg -1 uM Element mg 1-1 uM
NaCl 12000 205340 Cl 7488 127147
MgSO4*7TH20 4000 16240 Na 4720 80751
KCl 354.3 4750 S 520 2111
CaClz*2H20 75.0 510 Mg 396 1620
NaHCO3 15.8 189 K 186 2490
Naz EDTA *2H20 1.67 4.20 Ca 20.5 139.2
FeCl3*6H20 1.21 4.50 Fe 0.25 4.50
KI 0.10 0.60 I 0.08 0.460
KBr 0.08 0.70 Br 0.06 0.470
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There was no phosphorus present in either the buffers or the assay medium, so
the organic P substrate was the only external source of phosphorus available to the
organisms. As the substrates used were monoesters, the product formed was in direct
proportion to the amount of organic P broken down.

Standard assays were carried out at 25 °C and 100 umol photon m1 s-! from
daylight fluorescent tubes. Gentle shaking was employed to ensure mixing during the
assay.

The length of assay depended on a combination of the substrate concentration
and enzyme activity and was calculated from time course experiments. This insured
that the organisms were not substrate limited (< 15 % conversion to product) during the
course of the assay. Colonies did not take up product (Appendix 1).

Long-term field assays were 10 min duration for organisms and 1 h for water
samples. Assays for the long-term field studies were carried out using 250 M pNPP
at pH 10.3, considered optimal for alkaline phosphatase activity (Grainger et al., 1989),
and those using 250 uM and 1 uM 4-MUP were carried out at pH 7.6, closer to the
environmental pH. The lower concentration of 4-MUP was intended to be closer to
that of organic P in the environment.

Kinetic assays and pH spectra using pNPP were run for 40 min while those using
4-MUP were run for 10 min, because of the higher sensitivity of 4-MUP. All kinetic
assays and time courses (Chapter 6 and 7) were carried out at pH 9.0, unless otherwise
stated (see 6.1 and 7.1).

In routine assays, two Rivularia biasolettiana and three R. atra colonies were
used per sample. This number was chosen due to a combination of chlorophyll
extraction and phosphatase activity. Colonies were teased with forceps and cultures
were homogenised using needles. In both cases filaments were checked under the
microscope and rejected if damaged.

In time course experiments 10 colonies of R. biasolettiana and 30 for R. atra
were used. All time course experiments used a total of 30 ml assay volume. A
quantity of assay was taken out per time interval and the decreasing assay volume

accounted for in the calculation of activity (n=1).
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2.252 pNPP assay
Using freshwater assay medium
The method for phosphatase activity using pNPP was based on Grainger et al.
(1989). Cyanobacteria or algal material was added to -1.4 ml of Chu-10D assay
medium mixed with 1.5 ml of buffer in a snap cap vial. The vials were transferred to a
water bath at the correct temperature and allowed to equilibrate for 10 min. 0.1 ml of
substrate, at 30 times the required concentration, was added to the assay. At the end of
the assay, 2.5 ml of the assay solution was mixed with 0.25 ml of 5 M NaOH which
enhances the colour, brings up the pH of the assay to above 11, terminates the activity
of phosphatase enzymes and prevents further hydrolysis of the substrate (Boon, 1993).
Control vials were set up in the same way as the experimental vials, but without
organism present. Organism present controls (without substrate) were also set up
when using homogenised material, and added to the substrate (without organism)

controls. Readings were taken in 1 cm quartz cuvettes at 405 nm.

Using saline assay medium

An alteration was made to the above method to overcome the effect of the MgOH
precipitation (caused by reaction between NaOH and MgSO4 above pH 10.5). The
volumes were doubled and 5 ml of assay was mixed with 0.5 ml of terminator in a
narrow upright tube, to allow the precipitate to settle. The terminated solution was left
for one hour, during which time the colour was stable, then readings could be taken at
405 nm as above. This method gave the same result as that used by Hernéndez et al.

(1992). Buffer used in saline experiments were made up in saline assay medium.

Using filtered water (stream or seawater)
Filtered stream water or seawater was added to buffer instead of assay medium
so that phosphatase activity of enzymes in the water sample could be tested. As

above, assay medium (without filtered water) with substrate was used as a control.
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2.253 4-MUP assay
Using both freshwater and saline assay medium
This method was based on a modification of that published by Fedde and Whyte
(1990). As for pNPP, the material to be assayed was added to the assay medium and
buffer totalling 2.9 ml in snap cap vials and transferred to a water bath to equilibrate for
10 min. 0.1 ml of substrate (dissolved in a small volume of warm 100 % ethanol then
made up to volume with assay medium) at 30 times the final concentration required,
was added at the beginning of the assay. The assay was terminated by taking 2.5 ml of
assay solution and adding it to 0.25 ml of terminator (to give a final concentration of
2.5 mM EDTA, 50 mM KyHPO4, 50 mM NaOH) in 1 cm polystyrene cuvettes. The
terminator maintained a constant reading. EDTA and KoHPOj4 inhibit phosphatase
activity and the concentration of NaOH ensured that the pH was above 10 which is the
pH of maximum fluorescence (Chrést & Krambeck, 1986). Readings were taken on a
BAIRD-ATOMIC spéctroﬂuorimeter with excitation wavelength at 356 nm and
emission wavelength at 444 nm. Controls (no organism present, unless homogenised

material was used, see 2.252) were set up in the same way as for the experiment.

Using filtered water (stream and seawater)
As for the method using pNPP, assay medium was substituted for filtered water.

Controls were assay medium rather than filtered water.

2.254 Calibration

pNPP and 4-MUP assay calibration curves of reading against product
concentration, are given in Appendix ii for freshwater and saline assay media. Values
for 1 wmol I-! product, from these graphs were included in the calculation of activity
(see 2.256).

Detection limits using pNPP were 3.52 x 10-4 umol pNP pg chl a-! h-1 for
organisms and 0.252 pmol pNP I-1 h-1 for water. Using 4-MUP detection limits were

9.46 x 10-6 umol 4-MU pg chl a-! h-! for organisms and 6.76 x 10-3 umol 4-MU I-1

h-1 for water.
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2.255 Biomass determination
Deposition of CaCO3, external to the sheath of Rivularia trichomes (Pentecost,
1978), cause the use of dry weight to be invalid in determining colony biomass.
Chlorophyll a is often used instead (Khoja et al., 1984; Livingstone & Whitton, 1984).
This method follows the recommendations of Marker et al. (1980a) with
reference to Marker et al. (1980b) and Marker and Jinks (1982). It was thought
unnecessary to measure phaeopigments, due to a decrease in accuracy caused by this
method using methanol as the solvent (A.F.H. Marker, pers. comm.), and because

neither the field material or the cultured material appeared unhealthy.

Solid material

Assayed material was kept after the assay and frozen in the snap cap vials. After
unfreezing, the material was washed in distilled water, chopped up to increase the
surface area and transferred to universal bottles. S ml of 100 % boiling methanol was
added to each universal bottle which was covered in aluminium foil to extrude light
and stoppered to prevent loss of solvent. The bottles were left at least 30 min until
material fragments went white, after the chlorophyll a had been extracted. Material
fragments were then removed by filtration and the solution was diluted to 90 %
methanol. The solution was read on a spectrophotometer at 665 nm and at 750 nm,
previously blanked on 90 % methanol.

The following equation was adopted for the determination of chlorophyll a in

each sample (Marker et al., 1980a).
Chlorophyll a (ug 1I'Y) = K (A¢es - A750) v/ L 2)

Where A is absorbance reading, K is 1000 x the reciprocal of the specific absorption
coefficient (SAC) for chlorophyll a at 665 nm (the SAC for chlorophyll a in methanol

was taken to be 13), v is the volume of solvent used to extract the sample in ml and L is

the path length, in cm, of the cuvette.
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Homogenised material
A proportion of homogenised material from the phosphatase assay was filtered.
The filter paper, with the homogenised material on it, was treated with 100% methanol

in the same way as above.

2.256 Calculation of phosphatase activity
For organisms using pNPP and 4-MUP phosphatase activity was expressed as

wmol product pug chl a-! h-1, using the formula:
Phosphatase activity = Ax v / Apxcxt 3)

Where A is absorbance / fluorescence reading after subtraction of control, v is the total

assay volume in litres, Ap is the absorbance / fluorescence reading of 1 pmol I-1
standard product (see Appendix ii), ¢ is chlorophyll a in ug and ¢ is the assay time in

hours.

For filtered water using pNPP and 4-MUP the equation is as above except v is the total
assay volume / volume of filtered water. Phosphatase activity of filtered water is

expressed as pmol product 1-1 h-1.

2.257 Staining

Material was stained for phosphatase activity using 1 mM BCIP. The procedure
was exactly the same as that of the pNPP assay, except that BCIP was used as the
organic P substrate and the reaction was not terminated (Grainger et al., 1989). BCIP
formed a blue dye where the phosphorus had been hydrolysed. After 30 min

incubation, the material was mounted on a microscope slide and photographed.
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23 General culturing techniques
231 Growth Medium
Two types of growth media were used; one freshwater Chu 10D medium (Chu,
1942), Table 2.5, incorporating the modifications of Gibson and Whitton (1987) and
Grainger et al. (1989), and one artificial seawater 50 % ASP-6-Chu 10D, Table 2.6.
As for assay medium, saline culture medium was based on Chu 10D with 50 % ASP-6

salts added; a modification of Fries (1963).

Table 2.5 Chu 10D growth medium (Chu, 1942)

Chemical mg Il umM Element mg -1 uM
CaClz*2H20 : 35.87 243.7 Na 39.2 1061
MgSO4+7H20 25.00 101.4 Cl 19.3 544.4
NaHCO3 15.85 188.6 Ca 9.77 243.7
KH)PO4 438 322 s 326 1017
Nap EDTA *2H20 3.34 8.30 EDTA 2.66 6.60
FeCl3*6H20 242 8.90 Mg 2.46 101.4
NaOH c 60 1500 K 1.26 27.5
HEPES 600 2517 P 1.00 7.30
Fe 0.500 9.00

AC micro elements as for assay medium (see Table 2.3)

HEPES (to give a final concentration of 2.5 mM) was dissolved in about 600 ml
of MilliQ water, the pH was then adjusted to pH 7.6 by addition of approximately 1.5
ml 1 M NaOH; stocks were then added. @KH;PO4 was added last to avoid
precipitation. The volume was made up to 1.0 | with MilliQ water. 25 ml of liquid
medium was added to each 100 ml conical flask, bungs (Sanko Plastics Co., Japan)
were twisted down firmly and the flasks were autoclaved at 1 bar for 20 min. After
autoclaving, the flasks were left for 12 h for the gasses to equilibrate before the

material was subcultured.
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Sterilised solid media (1 % w/v agar) was poured onto pre-sterilised disposable
Petri dishes (Sterling) in a laminar flow cabinet, pre-sprayed with 70 % ethanol 15 min

before use, and left in the laminar flow cabinet to set.

Table 2.6 50 % ASP-6-Chu 10D medium based on Chu (1942) and Fries (1963)

Chemical mgl - 1 uM Element mg [~ 1 uM

NaCl 12000 205340 Cl 7487 127115
MgSO4°7H70 4000 16240 Na 4755 81613
KCl 350 4695 S 520 2111
CaCly *2Hp0 75 510 Mg 396 1620
NaHCO3 15.8 189 K 185 2461
KH)PO4 4.38 322 Ca 20.5 139.2
Nap EDTA *2H0 3.34 8.30 EDTA 2.66 6.60
FeCl3*6H20 2.42 8.90 P 1.00 7.30
KI 0.10 0.60 Fe 0.500 9.00
KBr 0.080 0.70 I 0.080 0.460
NaOH c 60 1500 Br 0.060 0.470
HEPES 600 2517

AC micro elements as for assay medium

2.32 Subculturing
Cultures were subcultured once a month in a laminar flow cabinet. Aseptic

techniques were adopted. Approximately 200 pl of the culture was transferred in a

wire loop, from the old to the new medium.

2.33 Isolation of cyanobacteria
Immediately on return to the laboratory, samples were inoculated on to Petri

dishes with several types of appropriate media and incubated at 25 °C in 100 pwmol

photon m-2 s-1 continuous light. For Dichothrix D861, 862, 863 & 866 (Durham
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Culture Collection); ASP-6 Chu 10D (Table 2.6) was used with different
concentrations of agar and salts. Cycloheximide was added at 50 mg 1-! (Zehnder &
Hughes, 1958) to remove eukaryotes. Once the material had started growing (2 - 4
days), it was possible to see hormogonia spreading out from the initial inoculum.
Hormogonia farthest from the other species of cyanobacteria or bacteria were picked
off the agar with a fine needle under a dissecting microscope and removed to fresh
media to minimise transferring contaminants.
Once the cyanobacterium was axenic, it was cultured in liquid medium.
Bacterial test media (nutrient broth, SST and peptone - glucose) were used to check for
the absence of bacteria (Hoshaw & Rosowski, 1979). After inoculation, the plates

were incubated in the same conditions as the culture and also at 37 °C in darkness.

24 Computing and Statistics

Most of the computing was done on a Macintosh Quadra 610 though a Viglen
486 PC was used for SPSS. MS Excel (version 4.0) was used as a spreadsheet for
storing data, calculating phosphatase activity and for basic statistics (mean, standard
deviation and t-test). SPSS for Windows was used for calculating Spearman’s rank
correlations, and MS Word (version 5.1) was used for word processing. Mac Draw
Pro was used for drawing maps and Cricket Graph (version 1.5) was used for
constructing graphs.

All the data (nutrient concentrations and phosphatase activity) for the long-term
studies at both sites are largely low values which peak sharply on several occasions.
The data are not normal neither can it be readily normalised using natural logarithms
or transformations worked out using Taylor’s Power Law and the Fiypax test (Kelly &
Onyeka, 1992). Non-parametric statistics were therefore adopted to analyse these
data. Sanden and Danielsson (1995) used non-parametric statistics when analysing
nutrients “to reduce problems with the distributional properties of the data”. Since
the sequence of the maxima is important in comparing the changes in variables,
Spearman's rank correlation was used. The interpretation of the data is not

compromised by losing the actual concentrations or phosphatase activity, however
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highly variable data may decrease the significance between compared samples
because of the ranking procedure. For this reason the significance of correlations
were always compared to graphs.

Graphs, single factor Analysis of Variance and Student's t-tests were used to
analyse the intensive study data. r2 was used as a measure of the proportion of
variability explained by the regression. All regression lines were significant (p <
0.050) unless otherwise stated. The equation of the line is positioned on the graph
according to the order on the graph. An equality of slopes test (Zar, 1984), based on
regression coefficients, was used to compare the slopes of time courses or Lineweaver
- Burk kinetic plots in the experimental studies.

Where < 20 variables are compared, *** p < 0.001, ** p <£0.010, * p < 0.050.
Where > 20 variables are compared * < 0.050 is dropped to avoid Type 1 error (Kelly
& Onyeka, 1992). All error bars indicate s.d. |

Vmax was calculated from Lineweaver - Burk kinetic plots (1/v vs. 1/S)
(Hernadndez et al., 1995) and K;;, values were calculated from Eadie - Hofstee plots (v

vs. v/S) as the distribution of errors in this plot is more even (Price & Stevens, 1982).

Vmax/Km was used to compare the competitive ability of phosphatase enzymes

(Healey, 1982). Where Lineweaver - Burk plots appeared to be non-linear, Hill plots

(log [v/ Vimax-v] vs. log [S]) were used to obtain ny. If ng < 1.0 non Michaelis -
Menten kinetics is implied; indicating apparent negative cooperativity (Hernandez et

al., 1995).
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dolerite intrusion within some of the limestone. Minerals have been mined from the
area which has led to spoil heaps. ,

The vegetation in the catchment of the stream is a complex mosaic which

comprises of three types of flushed ecosystems described by Bellamy and Tickle

(1964):

1. Drainage axes of the blanket mire
2. Spring-water from acid rocks, mainly the quartz-dolerite and glacial drift

3. Spring-water from limestone

The most abundant cyanobacteria are Rivularia biasolettiana Menegh. (see 1.42)
and Schizothrix lardacea, (Ces.) Gom (Livingstone & Whitton, 1984). The red
colour of the sheath of Schizothrix, as well as the iron oxide present, is probably
responsible for the name Red Sike. In the spring there is typically a growth of
diatoms, mainly Cymbella spp. this is followed by filémentous Conjugales: Mougeotia,

Spirogyra and Zygnema (Livingstone & Whitton, 1984).

3.2 Tyne Sands

Tyne Sands, the marine study site, is very different to the freshwater site. Like
the freshwater site it has been studied previously (Khoja et al., 1984). These authors
found some phosphorus features similar to those of the freshwater site; high levels of
organic P. However, this site had higher concentrations of total P and less abundant
Rivularia than the freshwater site. The site was chosen because Rivularia were
present, it was apparently contrasting to the freshwater site and previous data were
available for comparison.

Tyne Sands is a sheltered bay, surrounded by agricultural farmland on the estuary
of the Scottish River Tyne. The site is located at grid reference NT 636 812 and is
part of the John Muir Country Park, Dunbar. The mean annual rainfall is 560 mm.
The bay is protected by a spit.

The study site is classified as upper eulittoral intertidal region (Dring, 1992).

The upper eulittoral consists of rock pools (Fig. 3.3). All the pools chosen for study
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Fig. 3.4 Map of Tyne Sands study area

The pools of the upper eulittoral cover a zone of about 75 m width on calciferous
sandstone or loose rocks overlying sand and silt. Within this zone of rock pools, is a
zone of about 25 m width, at the lower end of the rock pool zone (Fig. 3.4), where
Rivularia atra (Roth) is seasonally abundant (Fig. 3.5). Ralfsia verrucosa
(Areschoug) is abundant in almost all the rock pools (Fig. 3.5). Chondrus crispus,
Cladophora laetevirens and Enteromorpha intestinalis were observed growing in some
of the Rivularia pools, at times. Fucus spiralis L. sometimes grew in the pools, but
was much more common on the exposed rock above R1-8.  After neap tides,
especially in summer, Fucus became very desiccated on the outer layers. Gammarus
spp. were present in the pools as were periwinkles (Littorina spp.) which were
extremely abundant, at times. Periwinkles were observed feeding on Ralfsia but not

on Rivularia (Fig. 3.5).
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and proportion of colonies in each size class, (small (< 3 mm), medium (3 - 9 mm) and
large (> 9 mm)) were estimated.

At Tyne Sands water temperature, conductivity and salinity were measured in
each pool and seawater. Water pH was measured after May 1993. Water samples
were taken for phosphorus, nitrate, nitrite, ammonium analysis and phosphatase assays.
R. atra abundance was estimated in each Rivularia pool. R. atra, “Dichothrix”
community (throughout the study period) and Ralfsia verrucosa (after December 1992)
were collected for phosphatase assays.

At both sites morphological studies of Rivularia were taken, whereby the

percentage of hair / hormogonia and the length of the hair were measured.

Intensive studies

Water chemistry was studied at Red Sike during the spring of 1993 and 1994,
and at Tyne Sands during summer of 1993 and 1994. These were the times just before
and during maximal phosphorus concentrations at both sites in 1992. Intensive studies

were initiated to obtain more information about the phosphorus maxima.

Experimental studies

During the intensive study period, maxima in phosphatase activity were different
for the two substrates at Tyne Sands and the organisms appeared to show maxima at
different times (see 5.5). With the isolation of “Dichothrix” from Tyne Sands
(Dichothrix 861) and the axenic freshwater Calothrix parietina D550, studies could be
undertaken with field material and axenic cultures to investigate the kinetics of the
different species using the two substrates. Field material was collected in June 1994 at

Red Sike, and July 1994 at Tyne Sands.
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CHAPTER 4
RED SIKE FIELD STUDY

4.1 Introduction

Previous studies found Rivularia biasolettiana colonies to be dominant on the
bottom of this small oligotrophic stream, Red Sike (Livingstone & Whitton, 1984;
Livingstone et al., 1984). Livingstone and Whitton (1984) found extremely high
levels of organic P in spring 1981 (see 1.21) and speculated that this was one important
reason why the stream was dominated by an organism that was able to utilise organic
P.

This chapter contains data collected during the long-term study, April 1992 -
May 1993 (and meteorological data January 1992 - May 1994), together with intensive
studies of water chemistry, spring 1994 (see 3.3). The purpose of the long-term study
was to find out if there was a relationship between phosphorus fractions in the stream
compared to the phosphatase activity and morphology of R. biasolettiana colonies (see
1.5). The intensive studies were undertaken in order to focus on the spring peak in
phosphorus found by Livingstone and Whitton (1984) and also found in the long-term
study (see 4.21).

Pools, approximately 50 m from Red Sike on slightly higher ground, appeared on
top of the blanket mire in spring. Four of these bog pools and a spring, 300 m
upstream from the sampling point in Red Sike, were sampled in the intensive studies in

spring 1994.

4.2 Environment
4.21 Long-term study

Physical variables

‘Mean monthly meteorological data (I. Findlay, pers. comm.), from a station 0.5
km from Red Sike, showed clear seasonal maxima and minima temperatures, with
minima rarely falling much below freezing. Sunshine showed similar seasonal
variation, with the exception of November 1993, an exceptionally sunny month (Fig.

4.1).



64

Snowfall showed a similar seasonal pattern with highest levels of snow falling in
the coldest periods, with least sunshine. However rainfall was more erratic, with no

clear seasonal pattern (Fig. 4.2).

20+

monthly mean (°C or h)

S 1992 1993 1994
—O—— max temperature ——O—— min temperature L4 sunshine
Fig. 4.1 Mean temperature (maximum and minimum) and sunshine at meteorological station, 0.5

km from Red Sike, January 1992 - June 1994

400+

300

total monthly rainfall (mm)
or number of snow days

—&8—— rainfall snow days

Fig. 4.2 Total monthly rainfall and total number of snow days per month from meteorological

station, 0.5 km from Red Sike, January 1992 - June 1994
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Fig. 4.3 Temperature, conductivity and pH of water from the stream, Red Sike, during monthly

sampling, April 1992 - May 1993 (two samples March - May 1993)

The pattern and values of water temperature spot samples (Fig. 4.3), were similar
to maximum air temperature monthly means (Fig. 4.1). Physical data obtained during
the long-term study period showed the seasonality of temperature, though conductivity
was less clearly seasonal. pH appeared stable around a mean of 7.99, ranging from a
minima of 7.2 in November 1992 and maxima of 8.8 in August 1992 (Fig. 4.3).

Current speed showed a similar pattern to width (Fig. 4.4), with the stream tending
to flow faster when it was wider. Total alkalinity was positively correlated (Appendix
iii) with conductivity and negatively correlated to current speed and width, suggesting
greater buffering capacity when the stream was slower flowing. Total alkalinity
showed an inverse relationship to absorbance: absorbance may be higher when
drainage was mainly from the bog since bog pool water had far lower conductivity.

In the spring and summer, absorbance of the water at 420 nm increased and
decreased at the same time as stream width; indicating clearer water when the width
was less, perhaps because there was less runoff (Fig. 4.5). However in the winter

months absorbance of the water at 420 nm showed a reciprocal relationship to width.
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Although these were spot samples, they may be indicative of the type of drainage the

stream was subjected to; 1.e. from blanket bog when the width and the absorbance (420

nm) were high, and from the spring when absorbance was low.

15+ - 1.5

pH and alkalinity (meq 1-1)
current speed (m s 1)

1992 1993

----@---- total alkalinity ——O—— current speed

Fig. 4.4 Total alkalinity and current speed of stream water during monthly sampling at Red Sike,

April 1992 - May 1993 (two samples March 1993)
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Fig. 4.5 Width of the Red Sike at sampling point and absorbance (420 nm) of water samples taken

monthly, April 1992 - May 1993
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Chemical variables
Phosphofus
Phosphorus was slightly higher in spring (Fig. 4.6). This appeared to be largely
inorganic. Inorganic P peaks were 35.1 ug 1-! in 1992; 9.6 pg I'! in 1993 and 6.7 pg I-
lin 1994 with a mean of 0.8 (£ 1.15 pug I-1) pg I'! at other times. In 1992 organic P
peaked in June and August. For most of the year the low levels of total P were
predominantly organic but these levels were often very close to detection limits.
Organic P was positively correlated to total P, but inorganic P was not correlated to

either total or organic P (Appendix iii).

long term study intensive studies
8
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1992 1993 1994
—O— total P e @ inorganic P
Fig. 4.6 Total and inorganic P concentrations in water sampled monthly from Red Sike, April 1992

- May 1993 (two samples March - May 1993) and sampled intensively (see Fig. 4.10) March - July 1994
(n=4)

Nitrate and Ammonium

Nitrate and ammonium showed a similar seasonal pattern to phosphorus with
higher concentrations in spring and lower concentrations in the autumn / winter (Fig.

4.7). Maximum values of both fractions occurred in April 1992 and March 1993.
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Concentrations of ammonium make up the smaller proportion of the total N. Both N

fractions were positively correlated (Appendix iii).
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Fig. 4.7 Nitrogen (NH4-N and NO3-N) fractions in water from Red Sike sampled monthly April
1992 - May 1993

Cations

Fig. 4.8 gives an indication of the changes in the concentrations of Fe, Mn, Ca,
Mg and K in Red Sike water during the study period. The relationship of these to one
another and the other variables is given in Appendix iii.

Total and filtrable Fe were highly correlated, as were total and filtrable Mn.
Total Fe was also correlated to the absorbance of water at 420 nm, though filtrable Fe
was not. Ca and Mg were positively correlated. Both were also correlated to

conductivity, but were negatively correlated with current speed and stream width

(Appendix iii).
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Fig. 4.8 Particulate and filtrable concentrations of Fe and Mn, and total concentrations of Mg, K

and Ca in water from Red Sike taken at monthly intervals between April 1992 - May 1993

4.22 Intensive studies

Intensive studies were carried out in the spring of 1994 with the aim of finding
possible sources for the increased phosphorus concentrations in Red Sike during the
spring of the long-term study. Therefore in addition to sampling water from Red Sike,
a small spring feeding into Red Sike and four bog pools, on a slight elevation above

Red Sike (< 50 m), were selected for sampling. Intensive studies in 1994 involved:

1.  Studies on P fractions of water from Red Sike, a spring and bog pools using
different porosity filters

2. Routine sampling of phosphorus, temperature, conductivity, pH and absorbance
(420 nm) carried out every few days during the spring 1994

3.  Hourly samples taken on 27.4.94 for phosphorus, temperature, conductivity and
pH

4.  An overnight study of phosphorus fractions was also carried out on 1-2.5.94
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Filter Studies
The difference in concentration of total and inorganic P was tested on unfiltered
water (total) and water filtered through different porosities (filtered): 1.2 pm (GF/C),
0.7 um (GF/F) and 0.2 um (Nuclepore). Four samples were taken from each site.
The results showed that there was no significant difference in phosphorus
concentration between any of the filtrates and total phosphorus in the stream or spring
(Fig. 4.9). Analysis of Variance however, showed that total unfiltered P in bog pool
water was significantly different from the other fractions (p < 0.001). There was no
significant difference between any of the inorganic P samples from any of the sites.
Inorganic P was very low at all three sites. No samples were taken for unfiltered
inorganic P at any of the sites. These results suggest that a large proportion of the

phosphorus in the bog pools was probably particulate organic P.
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Fig. 4.9 Comparison of total and inorganic P concentrations in unfiltered water and water filtered

through 1.2 um, 0.7 um and 0.2 pm porosity filters from Red Sike, spring and bog pools, on 23.5.1994

(n=4) No samples taken for unfiltered inorganic P
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Routine spring sampling

The studies of phosphorus fractions taken between March and May 1994 in Red
Sike (Fig. 4.10), show that the proportion of organic P in the spring was near detection
(3 pg I'l).  When the total P was greatest, on 12.5.94 inorganic P was 6.7 pug I-! and
total P was 8.8 pg I-'1. Most other sampling occasions the proportion of inorganic P
was also the larger proportion of total P, though phosphorus levels were generally
close to detection limits. The degree of variation between the samples was small,
when measured on 5.5.94.

Water from the spring also contained a larger proportion of total P in the
inorganic form. On 27.4.94 there was a peak of 31.2 ug I-! total P of which 97 % was
inorganic.

The bog pool samples, unlike samples from the spring or stream, were taken
from four separate pools on the bog, rather than from the same location. The error
bars indicate large variation between the four pools. Inorganic P appears less variable
than organic P. The highest levels of phosphorus were found on 9.5.94, with mean
total P of 9.6 ug 1-! and mean inorganic P of 4.3 pug I'1 and on 12.5.95 with mean total
P of 11.5 ug I'! and mean inorganic P of 3.6 pug I'! (Fig. 4.10). The pattern of change
of phosphorus fractions in the spring and bog pools is similar to that of Red Sike.
However, a more detailed study is needed to determine the influence of each on Red
Sike.

There was quite a large degree of variability between the stream samples even
though they were collected from the same location. It may be that drainage
predominantly from the bog or stream or a combination of the two, alters the
phosphorus fractions in the stream. It was thought that absorbance may indicate the
source of water, being higher when originating from the peat bog. However, the
absorbance of the spring water, suspected to be clear, did change slightly during the
sampling period (Fig. 4.11). It seems possible that a pulse of inorganic P in the stream
may originate from the spring, whereas a pulse of organic P may originate from the

bog. Spot samples may miss pulses in phosphorus as it was likely that they are
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flushed quickly from the stream. Increased intensity of spot sampling was undertaken

to try to increase the likelihood of monitoring such pulses.
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Fig. 4.10 Mean concentrations of total and inorganic P in water from Red Sike, spring and bog

pools, March - May 1994 (n = 4)

During this period of study, conductivity and pH remained fairly stable in the
water at each site: 8.2 (+ 0.10) in Red Sike, 7.8 (+ 0.20) in the spring and 4.6 (+ 0.2) in
one bog pool. However all sites showed changes in temperature, especially the stream
and the bog pools (Fig. 4.11). The spring temperature remained colder than the
coldest samples in the stream and bog (Fig. 4.11), never rising above 6 °C. The

absorbance of water was highest in the bog pools, though these were highly variable
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(Fig. 4.11). Water from Red Sike and the spring had lower absorbance than the bog

pools.
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Fig. 4.11 Temperature and absorbance of water from Red Sike, spring and 4 bog pools sampled

intensively (every few days), March - May 1994 (n = 4, bog pools only)

Day study

The day study of the Red Sike, spring and one bog pool water showed the same
result to the routine sampling: water from the spring was largely inorganic and from
the bog pools had a greater proportion of organic P (Fig 4.12). However, Red Sike
was more similar to the spring than during the long-term study with most of the

phosphorus in the water being inorganic. At 1000 the sample containing the largest
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concentration of phosphorus was collected from the spring, more than 90 % was
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Total and inorganic P concentrations of water samples taken hourly (1000 - 1900 BST)

from Red Sike, a spring and a bog pool during one day, 27.4.94 (n = 4, taken on first stream sample

only)

Conductivity increased during the day in the bog pool and the stream, but in the

spring the conductivity remained stable, except at 1100 when it rose 4 fold (Fig. 4.13)..

Conductivity in the stream was similar to that of the spring but at least four times

higher than in the bog. pH remained stable, at 8.2 (£ 0.08) in Red Sike and 8.1 (*

0.34) in the spring and 5.0 (£ 0.08) in the bog pool. The temperature in the Red Sike
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peaked to 8.6 °C at 1300 and peaked to 9.3 °C at 1600 in the bog, after a brighter
period. The temperature of the bog was slightly higher than Red Sike, 7.6 °C (£ 0.81)

and 6.5 °C (£ 0.90) respectively, and both were higher than the spring, with a mean of

4.6 °C (£ 0.51).
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Fig. 4.13 Temperature, conductivity and pH of water from Red Sike, a spring and a bog pool,
sampled hourly during one day from 1000 - 1900 BST, 27.4.94

Overnight study
During the overnight study there was little difference in the phosphorus

concentration in the four bog pools between samples taken at 1900 (1.5.94) and those
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taken the next morning, at 0700 (Fig. 4.14). Total P was largely organic on both
occasions, though variability in the organic fraction was slightly greater in the
morning. All total P in Red Sike was organic, though at 1900 the concentration of
phosphorus was barely above detection (1.5.94). There was no detectable phosphorus
in the morning. In the spring, the majority of phosphorus was in the organic fraction
at 1900 (1.5.94) and there was no detectable phosphorus in the morning:. Previously
all phosphorus in the spring had been inorganic. At all three sites the temperature was
higher in the evening than the morning: lowest in the spring and highest in the bog

pools.
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Fig. 4.14  Temperature, total P and inorganic P of water from Red Sike, a spring and 4 bog pools
sampled at 1900 h BST on 1.5.94 and again at 0700 h BST on 2.5.94 (n=4)

pH was slightly higher in the evening at all sites (Fig. 4.15). Absorbance was

low in the stream and the spring but high in the bog.
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Fig. 4.15 Absorbance (420 nm) and pH of water from Red Sike, a spring and 4 bog pools taken at
1900 h BST (1.5.94) and again at 0700 h BST (2.5.94) (n = 4, bog pools only)

Phosphorus fractions appear changeable especially overnight.’ The spot
sampling undertaken in this study may not be frequent enough to pick up phosphorus

pulses which may be present in this stream.

4.3 Occurrence and morphology of Rivularia biasolettiana

During most of the sampling period, Rivularia appeared to be the dominant
organism (> 50 % cover of stream floor). However the percentage cover of Rivularia
was less during late winter and early spring, building up to nearly 100 % in May or
June (Fig. 4.16). Hormogonia production appears to be restricted to the late winter /
early spring when Rivularia abundance was lowest, suggesting that the hormogonia
were responsible for the increased abundance in late spring. Small colonies may not
be detectable, by eye, until they have grown beyond the microscopic stage, which may
take several weeks. The colonies possessed a large percentage of hairs throughout the
sampling period, dropping slightly when hormogonia were observed. It was often the
case that the colonies would remain hairy even when hormogonia were visible, these
appeared on the outer edge of the colony and did not appear to be associated with a
particular filament. These observations suggest that the peak time of hormogonia

production was never sampled: it may be comparatively transitory.
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Fig. 4.16 Percentage cover of Rivularia biasolettiana colonies, % filaments containing hairs and %
filaments containing hormogonia, collected from Red Sike once a month between April 1992 - May

1993

The percentage cover of Rivularia was positively correlated to temperature
(Appendix iii). Percentage of hairs in colonies were negatively correlated to
percentage of hormogonia in colonies. Hormogonia were seasonally restricted in
occurrence (Fig. 4.16) and, due to the growth of microscopic colonies (Fig. 1.5),
hormogonia were not present in colonies by the time new small colonies became
visible. Percentage cover of Rivularia increased a few weeks after hormogonia were

found in colonies, in summer 1992.

44 Phosphatase activity
Although 250 uM pNPP and 250 uM 4-MUP were assayed at different pH, the
two are graphed together in order to compare the timing of peaks in activity rather than

to compare the values of activity (see 2.251).

441 Filtered water
Phosphatase activity of filtered stream water was not assayed until May 1992.

At the higher substrate concentration, phosphatase activity of filtered water was highest
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in May 1992 (10 pmol pNP I-! h-1 and 0.6 pmol 4-MU I-! h-1). Using 250 uM pNPP,
activity peaked again in September (7.2 wmol pNP 1-! h-1) and November 1992 (8.8
umol pNP I-1 h-1), Fig. 4.17. Activity using 250 uM 4-MUP showed a general decline
after the May 1992 peak, with a slight peak in March 1993 (0.1 pmol 4-MU I-1 h-1),
Using 1 pM 4-MUP activity peaked in July (0.16 wmol 4-MU 1-! h-1) and March 1993
(0.03 umol 4-MU I'! h-1) and was nearly as great as activity using 250 uM 4-MUP;
being a maximum of half the activity at 250 uM 4-MUP in July 1992 and May 1993
and a minimum of 40 times less than the activity using 250 uM 4-MUP in May 1992,
perhaps indicating enzyme affinity for 4-MUP.

Phosphatase activity of filtered water using 4-MUP showed a positive correlation
to temperature (Appendix iii). 250 uM pNPP and 250 uM 4-MUP were positively
correlated to one another. Activity using all three substrates showed a negative

influence of inorganic P.
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Fig. 4.17 Phosphatase activity of GF/F filtered water from Red Sike, using 250 uM pNPP at pH
~ 10.3 and using 250 uM and 1 uM 4-MUP at pH 7.6, sampled monthly May 1992 - May 1993

arrows indicate when hormogonia were present in Rivularia colonies (n = 4)
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4.42 Rivularia biasolettiana

Rivularia phosphatase activity was generally high and very variable, as can be
seen in the error bars, with no clear distinctive seasonal peaks in any of the substrates.
There were slight troughs in activity, indicated by the arrows in Fig. 4.18, when
hormogonia were found in colonies. Peaks in activity using 250 uM pNPP and 250
UM 4-MUP occurred in November 1992 (0.076 umol pNP ug chl a-l h-1 and 0.013
umol 4-MU pg chl a-! hrly and April 1992 (0.12 umol pNP g chl a-! h-! and 0.014
umol 4-MU pg chl a1 h-1). Both at 250 uM and at 1 uM 4-MUP, activity peaked in
January 1993 (0.014 and 0.0014 umol 4-MU pg chl a-l h-1). Activity was high using
1 uM 4-MUP throughout autumn 1992 (above 0.0009 pmol 4-MU pg chl a'! h'l). In
April 1993 the peak was 0.002 umol 4-MU chl a-! h-1.

As with the filtered water, activity using 1 uM 4-MUP as a substrate was a large
proportion of that at 250 pM: maximum difference was 23 times less than that at 250
UM in November 1992, and a minimum of 2.7 times less in August 1992. This
suggests high affinity of the enzyme(s) for 4-MUP (see enzyme characteristics in 6.3).
Activity may vary more markedly than monthly spot samples would indicate.

Activity using 250 uM 4-MUP was positively correlated to activity using 1 uM
4-MUP (Appendix iii). Phosphatase activity of colonies using pNPP was positively
correlated to percentage of hairs in colonies and negatively correlated to hormogonia.
Phosphatase activity of Rivularia colonies was negatively related to inorganic P (250
UM pNPP and 1 uM 4-MUP). Phosphatase activity of Rivularia using 250 uM pNPP

and 1 uM 4-MUP showed the positive influence of temperature and hair length.
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Fig. 4.18 Phosphatase activity of Rivularia biasolettiana colonies from Red Sike, using 250 uM
pNPP at pH 10.3 and using 250 puM and 1 uM 4-MUP at pH 7.6, sampled monthly April 1992 - May
1993.

Arrows indicate when hormogonia were present in colonies (Samples were lost in July 1992 using 250

UM pNPP) (n = 4)
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4.5 Summary

Inorganic P concentrations in the stream peaked in spring 1992, 1993 and 1994.
Organic P peaked at other times of year. N fractions showed a similar pattern to
phosphorus concentrations, with highest concentrations in spring.  Total iron
concentrations showed a positive correlation to absorbance of water at 420 nm.

The intensive studies showed that, during the spring, the total filtrable
phosphorus in the spring and stream were nearly all inorganic P. However, water
from the bog pools had a larger proportion of organic P. There was one occasion
during the intensive study, when both total and inorganic P in the spring were
extremely high, though there were no replicates to qualify this (Fig. 4.12).

Phosphatase activity in the filtered water was much higher using pNPP than 4-
MUP at 250 pM. Activity using 1 pM 4-MUP was always a large proportion of
activity at 250 uM 4-MUP. Rivularia biasolettiana showed higher activity using 250
UM pNPP than 250 uM 4-MUP, and also showed a high proportion of activity at 1 uM
4-MUP compared to activity at 250 uM 4-MUP, suggesting that at 250 pM the
enzyme(s) may be substrate saturated (see 6.32). Activity in all three substrates

troughed when hormogonia were present in colonies.
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CHAPTER 5
TYNE SANDS FIELD STUDY

5.1 Introduction

Previous studies at Tyne Sands found Rivularia atra colonies were abundant in

“the upper eulittoral (Khoja et al., 1984) and, similar to Red Sike (Livingstone &

Whitton, 1984), a large proportion of the phosphorus in the pool water where Rivularia
colonies were growing, was organic. Higher concentrations of total P, of which
organic P was a still larger proportion, were found near detached seaweed at the high
tide mark. The Rivularia colonies had high phosphatase activity. Khoja et al. (1984)
suggested that the high phosphatase activity of the colonies‘and the high levels of
organic P were probably related.

The present study was undertaken to test the hypothesis that the proportion of
organic P may relate to the phosphatase activity, morphology and abundance of the
Rivularia colonies. From December 1992 phosphatase assays of the brown alga
Ralfsia verrucosa, a non-Nj fixing probable competitor of Rivularia in the pools, were
included in the long-term study. Phosphatase activity of the “Dichothrix” community
(see 5.4), situated on rock above R9, and filtered water were also assayed.

More detailed studies were carried out mainly after the initial 19 month period to
focus on the possible origin and dynamics of the phosphorus fractions. As in Chapter
4, the intensive studies form the second half of the section 5.2 (environmental
variables), giving more detail to the first half of 5.2, the long-term studies.

In this chapter R refers to Rivularia pools and W to the weed pools.

5.2 Environment
5.21 Long-term study

Physical variables

As expected, temperature was highest during the summer; W1-4 reached slightly
higher temperatures than the other pools, especially during the summer (Fig. 5.1).

Seawater was generally colder than water in any of the pools.
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Fig. 5.1 Temperature, conductivity and salinity in water from W1-4, R1-9 and seawater sampled

monthly, April 1992 - October 1993

Conductivity and salinity showed a similar pattern in R1-8. R9 and W1-4
showed greater fluctuations. In 5 out of the 20 sampling days, the tide was less than
4.9 m and did not reach W1-4 (see Fig. 5.2). R9 was reached on 9 occasions, when
tides were above 5.2 m.

Conductivity and salinity were lower when it snowed (January 1993) in W1-4
and rained heavily (October 1993) in all the pools and seawater. This may indicate
that the "seawater" was influenced by terrestrial drainage.

Salinity was negatively correlated to temperature during the study, probably

because the colder water was likely to be a slightly higher proportion of seawater when
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tides were high (see Appendix iv). However, the changes in salinity in the pools were
very small during the whole period (except October 1993) so Spearman’s rank
correlation associated changes in salinity of only a few %.. Temperature was
negatively correlated to tide height; and salinity was positively correlated to tide
height. Higher tides produced colder slightly more saline water in the Rivularia pools
probably because they caused greater mixing of the pools by seawater. It is unlikely
that there was evaporation in the Rivularia pools during the tidal cycle as the salinity in

the pools did not change more than 3 %o, even on hot days (see 5.22).

Chemical variables

Total P

From Table 5.1, it can be seen that there were significant correlations between
R1-8 during the study period (see also Fig. 5.2). W1-4 were also highly correlated.
The overlap between the two sets of pools is shown by the highly significant
correlations between W1-4 and R1-9, especially 1,4 and 9. Seawater was correlated

with all the pools.

Table 5.1 Intercorrelation matrix of total P concentrations in water from W1-4, R1-9 and seawater,

sampled monthly, April 1992 - October 1993

W1l W2 W3 W4]lR1 R2 R3 R4 R5 R6 R7 R8 RS9

Wi

W2 | ®kx

W 3| ®kx  kxk

W 4 | ** dkokk ok

R1 | *%x  wkk dkk ko

R2 | * *x * *ok *okx

R3 * * * dokk kKo

R4 | %% bk swkk dokk | dokk  dokk kakk

RS | ** dokk kok dokk | kkk kkx kkk kkk

R6 | * *% *% kokk | kkk  kkk  kkk kkk kkk

R7 | * *x * *% skkk  kokk kkk kK *kk kKK
RS * * Kk dokk kKK ok *% kkk  kkk
RO | #%x  kkx kx| kxx *% ETT *%

SW * * * * * ok *k ok ok Kk k% %k * %k %k &Kk Kk * *
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The graphs of phosphorus fractions (Fig. 5.2) shows that R1, 4 and 9 were most
~ similar, in terms of total P, to the weed pools. RS5 appears similar in the correlation
matrix, although it appears different to the other pools in Fig. 5.2 probably because of

high concentrations of phosphorus in October 1993.

Y}
1

phosphorus (ug I 1 )
)
|

1992 1993 1992 1993

Fig. 5.2 Phosphorus fractions in W1-4, R1-9 and seawater, sampled monthly, April 1992 - October
1993. Arrows indicate when seaweed deposits were present; F indicates when these were fresh
deposits; the black square indicates tides that did not reach W1-4 (< 4.9m). Graph shows total P

concentration (inorganic P + organic P), on each occasion

R1 and R9 and weed pools 2, 3 and 4, had total P highly correlated with
inorganic and organic P; and also organic with inorganic P. These were pools where
inorganic P formed a large proportion of the total P, with peaks in June 1992 (ranging

from 6500 pug PO4-P I'! in W2 - 197 pg PO4-P I'! in R9), March 1993 (2317 g POy-
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PI'lin W2 - 67 ug PO4-P Il in R1) and June 1993 (6757 ug PO4-P I-'1 in W2 - 336
ng PO4-P Il in R9), Fig. 5.2.

R3,4,5, 6,7, 8, W1 and seawater all showed high correlations of both inorganic
P and organic P to total P, but the inorganic and organic P were not significantly
correlated. These were pools where organic P was a larger proportion of the total P
or where the organic fraction was not showing synchronised changes with the
inorganic fraction and where the February / March peak in phosphorus (2964 pug POg-
P 1-1in W1 - 36 ug PO4-P I'! in R5) was larger than at least one of the June peaks.

W1 would have been expected to fit into the same category as the other weed
pools, when comparing all weed pools in Fig. 5.2. However, this pool was different
because it was more containe;d on rock than sand, and was far from the other weed
pools (Fig. 3.4). The high levels of organic P in W1 in the summer of 1993 was
probably responsible for the difference between the organic and inorganic fractions

throughout the study period.

Inorganic P

Inorganic P showed less correlation between the pools than total P. From the
graph (Fig. 5.2) and correlation (Table 5.2), its clear that R4 and R5 were different to
R7 and R8. R4 and RS were higher up the eulittoral than the other pools and RS was

much smaller in volume (Fig. 3.4).

Table 5.2 Intercorrelation matrix of inorganic P concentrations in water from W1-4, R1-9 and

seawater, sampled monthly, April 1992 - October 1993

W1l W2 W3 W4|R1I R2 R3 R4 R5 R6 R7 R8 R9
W1
W2 | **
W 3| *x Kok
W4 kdck kkok
R1|= kkk  kokk ok
R2 * *%
R3 * *% *kk
R4 | ** * *% *% kkk  kkEk kkk
RS * * * *% %% *Ek kX
R6 * *kk  kkk K *k
R7 * * *% *% *kok * sk
RS * * ¥k *kk KKk
R9 * sk *% %k K * *kk k% *%
SW * * *% dokok  kkk  kkk ok *k *k * *%
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Of the Rivularia pools that show a similar correlation to the weed pools, R1 and
R4 showed highly significant correlations with W1-4. W3 and W4 were directly
above R1 and R4. R9 also showed highly significant correlations to W2, 3 and 4, but
not to W1 which was the nearest weed pool to it. R1, 4, 5 and 9 were positively
correlation to W2-4.

Fig. 5.2 shows that the pattern of inorganic P in R1, 4 and 9 were very similar
during the study period. These pools all had higher correlations with the weed pools.
R1, 4 and 9, had high concentrations of inorganic P, above 100 pg I1 in June 1992
and June / July 1993, which was similar, though at a lower concentration, to the weed
pools. A peak in inorganic P also occurred in March 1993 in these pools, but the
concentration of this peak was approximately 50 pg I-1, as in all the other Rivularia
pools. In all the other Rivularia pools the March peak was similar or higher to the
June peaks (Fig. 5.2). R9 was not covered by all the tides during the study period,
but R1 and R4 were. It may be that these pools are similar to the weed pools above
them because there is some interchange of water between the weed pools and these
Rivularia pools i.e. drainage after high tide.

Table 5.2 shows that W1 and W4 were not correlated. These pools were the
furthest apart and W1, like R9, was at the very far end of the study area, on slightly
higher ground; rock based rather than sand based (Fig. 3.4). Seawater was similar to
all pools except W1 and W2.

All Rivularia pools, including R1, 4 and 9, showed a peak in inorganic P
concentration in February / March 1993 in the order of 50 pg I-1 (Fig. 5.2). This was
higher than either of the June peaks in Rivularia pools 2, 3, 6, 7 and 8. The tide
height in February and March 1993 covered all the weed pools. Fresh weed was
deposited in February and weed was also present in March (Fig. 5.2) The seawater
and weed pools also showed this February / March peak in inorganic P.

Because these February and March tides were so large (5.8 and 5.9 m), most of
the water in the Rivularia pools was likely to be similar to seawater. The
concentration of inorganic P in the seawater averaged 93 * 1.8 pg 11 in February and

94 + 1.2 ug I-'! in March (n=4) and in R1-8 mean 46 + 7.5 pg I-! in February and 35 +
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11.0 pg 1! in March (n=8). In R9 the inorganic P concentration was 52 pg I-1 in
February and 112 pg I'! in March. The inorganic P concentration in W2-4 was 85 +
17.1 ug 1-1 in February and 2087 * 914.6 pg I-1 in March (n=3) but in W1 the
inorganic P concentration was 1487 pg -1 in February and 266 pg 1-1 in March.
During these very high tides the inorganic P concentration were higher than the mean
for the whole study period (R1-8 mean 27 ug I-'1, W2-4 mean 1104 pg I'! and
seawater 37 g 1-1, Table 5.4), however, the mean inorganic P in the Rivularia pools
was still lower than the seawater mean. This suggests that the seawater sample may
have been slightly influenced by the weed pools (Fig. 5.2) and that the biota of the

Rivularia pools were probably utilising inorganic P very rapidly, within 1-2 h.

Organic P
Changes in organic P between the pools were different to those of inorganic P

(Table 5.3). The Rivularia pools were all highly correlated. The weed pools were

also highly correlated.

Table 5.3 Intercorrelation matrix of organic P concentrations, in water from W1-4, R1-9 and

seawater, sampled monthly, April 1992 - October 1993

Wl W2 W3 W4 |R1 R2 R3 R4 R5 R6 R7 R8 R9
Wi
W2 | ®*xx
W3 | *kxx  Hkxk
W4 | %% Hkk  kkk
R1 | #xx *xx % *
R2 | * * sk
R3 | * * *kk  kkok
R4 | *kx  kx * dokk kokok ks
R5 | *=* * dokk KKk kKK
R6 | *%x %% * sokok kkok okkk dkokk dkokk
R7 | ** Kk dokk kkok okksk ook dkkk kokk
R8 | * * * dokk kdkok kokk kokk ko kkk kKK
RO | %% ok sokk k% Aok * *k *kk  kx *k
SW * *x *k dokk KKK KX * *k *k * *k

The seawater was similar to all the Rivularia pools and to W1 and W2. The
Rivularia pools that were similar to the weed pools were not those directly above
them. W1 and W2 (the furthest east weed pools), contrary to the inorganic P

patterns, were similar to all Rivularia pools. W3 and W4, directly above the
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Rivularia pools were not similar to R2, 3, 5 and 7. This may be coincidental or it
may be due to inorganic P being transferred down the eulittoral, either by the tide or
by drainage, whereas organic P may not be allochthonous.

The Rivularia pools were all highly similar to one another, RS showed slightly
less similarity to the other pools probably because it is so small. R9 was also more
different to the other Rivularia pools probably because of its location, tidal influence
(covered by tides 2 5.2 m) and was the only Rivularia pool not surrounded by Fucus
spiralis. RS had higher concentrations of organic P when tides were below 4.8 m
(summer 1993).

Looking at the whole data set, both organic and total P were positively correlated
to temperatufe and negatively correlated to tide height (see 5.22, tide studies); when
tides were low, and pools were exposed for longer giving higher temperatures, total P,
of which organic P was a large proportion, was also higher (see Appendix iv). All
phosphorus fractions were positively correlated to one another. Inorganic P was

positively correlated to NO3-N.

Table 5.4  Mean and s.d. of P and N fractions (ug - sampled monthly in water from W1-4, R1-9
and seawater, April 1992 - October 1993. NO7-N was negligible during the study period

Pool Inorganic P Organic P NHg4-N NO3-N

R1-8 266+ 65.7 222+ 246 1.3+ 6.7 1.3+ 24
R9 484+ 5838 399+ 384 55+ 155 08+ 1.8
w2-4 1103.7 £ 1678.8 178.1 £ 254.5 87.9+315.7 245+ 590
Wi 7162+ 1417.3 407.9 + 648.6 57.7+£190.6 51.8+154.7
seawater 36.6+ 33.0 140+ 17.2 68+ 7.6 332+ 509
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Nitrate and Ammonium

Concentrations of both nitrate and ammonium were often very low (Fig. 5.3).
Maxima, largely ammonium, occurred in June 1992 when the smell of ammonia was
noticed, in.all the weed pools and in R9. These maxima were not observed in the
other Rivularia pools and were only just apparent in W2, 3 and 4 in June 1993. There
was a small amount of ammonium present in February / March 1993 in W1, 2 and 3.
In the winter 1992/3, there were small peaks in nitrate in all the Rivularia pools, except
R5 and R9, which corresponded to times when seaweed was deposited on the strand
line. In R1 - 8, in contrast to the weed pools and the seawater, the N present,
especially during the peaks, was largely nitrate rather than ammonium. N levels in the
seawater were low, especially during the summer (1992 and 1993) but there was a
maxima in November / December 1992 of 200 pg I-1 of which most was ammonium.
This peak corresponded to one of the peaks of nitrate in the Rivularia pools, except RS
and R9. As with phosphorus, the nitrogen concentration of the seawater was often
greater than that of the Rivularia pools (Fig. 5.3 and Table 5.4).

From the graphs (Fig. 5.2 and Fig. 5.3) the similarity of inorganic P and nitrogen
fractions can be seen, especially in the weed pools and seawater. Because the NH4-N
concentrations are so low in the Rivularia pools and these make up the majority of the
data, only the correlation between NO3-N and inorganic P (and the correlations which
are associated with it) were significant (see Appendix iv). TIN : inorganic P was
positively correlated with both N fractions since they contribute to it. N fractions were
positively correlated to tide height, since high tides were responsible for the mixing of
weed deposits (which is likely to be the source of N, Fig. 5.3 shows the dilution of N
from the weed pools down the eulittoral) on the upper shore with the pools lower

down.
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Fig. 5.3 Nitrogen fractions in water from W1-4, R1-9 and seawater, sampled monthly, April 1992 -
October 1993. Arrows indicate when seaweed deposits were present; F indicates when these were fresh
deposits; the black square indicates tides that did not reach the weed pools (< 4.9m). Graph shows total
nitrogen concentration (NH4-N + NO3-N (NO2-N negligible)), on each occasion

5.22 Intensive studies

Tide studies

Inorganic P in R1-8 showed some similarity to the weed pools above them,
especially when tides were very high. Organic P showed less similarity between the
weed pools directly above R1-8 and R1-8 were more similarly correlated to one
another than was the case with inorganic P.

Because it was thought that the source of the inorganic P was likely to be the

seaweed deposits, it seemed likely that the tidal cycle and tidal height would have an
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influence on the phosphorus fractions within the Rivularia pools. Samples were taken
1 - 3 h after the high tide, when the influence of the weed pools was likely to be
greatest.

During two summer days, when phosphorus concentrations were expected to be
high, based on results from the long-term study, samples were taken from the R1-9 and
W3, directly above R1-6 and therefore most likely to drain into them after the tide
retreated. One spring and one neap tidal cycle were sampled. Samples were taken at
2 hourly intervals between the two high tides on each of the two days.

During the time after the spring tide (Fig. 5.4, top), which covered all the pools,
the total P rose although the inérganic fraction remained constant in R1-8, indicating a
rise of organic P as the tidal cycle progressed. R 1, 4 and 9 had slightly higher levels
of inorganic P than the other pools.

Seawater at the end of the first high tide appeared to be different in each of the
pools, indicating mixing with the pool water. However, seawater coming into the
pools during the beginning of the second high tide diluted the water in the pools R1, 6
and W3 (Fig. 5.4). Seawater at the end of the high tide appeared to be influenced by
the eulittoral whereas that at the beginning of the tidal cycle may be closer to “true”
seawater.

During the neap tidal cycle (Fig. 5.4, bottom), where the tide did not reach any of
the Rivularia pools, the total P concentrations in all the pools were higher than the
previous study. In most of the pools, both the fractions appear fairly stable except in
the weed pool where the total P and the inorganic P decreased during the cycle.
Because the scale on the y axis is larger, the increase in organic P is not as noticeable
as in the previous study. In both tidal cycles organic P was the major fraction in all

the Rivularia pools.
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N levels were generally below detection limits, though NH4-N was detectable

especially 4 hours after high tide (Table 5.5) during the spring tidal cycle.

Table 5.5  NH4-N concentrations (g 1‘1) in R1-9 and W3 during one tidal cycle (high tide 5.2m at
08.30 BST), on 26.7.1993 (nd = below detection)

Time |R1 R2 R3 R4 RS R6 R7 RS R9 A

8.30 | nd nd nd nd nd 2.7 nd nd 4.4 13.0
10.30 | nd nd nd nd 42 nd nd nd 4.0 12.8
12.30 | nd nd nd nd 53 nd 2.6 nd 4.1 16.6
1430 | nd nd nd nd 8.8 nd nd nd 7.7 18.9
16.30 | nd 2.8 22 nd 52 55 nd 6.5 8.0 114

18.30 | nd nd nd nd 57 nd nd nd 72 8.0

20.30 { nd nd nd nd nd nd nd nd 10.1 nd

During the neap tidal cycle NO3-N concentrations were only detectable in W3

which averaged 2.4 ug -1 +0.96 (n = 6). NH4-N was not detectable.

In order to test whether the higher inorganic P concentrations were the result of
drainage in R1 and R4 during inorganic P peaks observed in June, samples were taken
directly following tide cover from the pools (Table 5.6). R1 and R9 were the only
pools to show inorganic P concentrations higher than seawater, butR1, 4, 5, 6 and 9 all
showed organic P concentrations higher than seawater. R9 was not reached by this

tide of 5.0 m. Inorganic P concentrations in the weed pools were above 1000 pg 1-1

during sampling in June 1992, June 1993 and June 1994.

Table 5.6 Phosphorus fractions (ug 1‘1) immediately after R1-8 were uncovered by the tide

(16.6.1994). High tide height 5.0 m, inorganic P = Pi, organic P = Po

wl w2 w3 w4 |R1 R2 R3 R4 RS R6 R7 R8 RI|SW

Pi 1001.3 1858.6 12674 82231297 0 O 15 0 16 0 0 5394] 22
Po 2842 244.1  277.1 1639 |246 4.7 36 172 397 392 36 63 72.1|159




97

Microhabitat studies
The effect of sample location within the pools was tested by taking 4 replicates
from the middle and 4 from the edge of selected Rivularia pools. Samples were

collected on a comparatively cold and a warm day (Table 5.7).

Table 5.7  Temperature ("C) of R1, 2, 6 and 7 on a comparatively cold day, 16.5.94 and a warm day,
26.7.94; high tide height given in brackets

Pool 16.5.94 (4.9 m) 26.7.94 (5.4 m)
middle edge middle edge

1 15.1 16.4 18.8 19.4

2 17.6 15.0 20.0 19.5

6 15.5 15.0 19.3 18.1

7 14.4 - 20.1 20.1

The cold samples, taken in May, were taken just after a storm when a lot of fresh
Laminaria was deposited in R7. There was no significant difference using a t-test,
between edge or middle samples from any of the pools on the cold day. There was a

great deal of variability between samples in R2 (Fig. 5.5).
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Fig. 5.6 Total and inorganic P concentrations in water taken from the middle (m) or edge (e) of R1,

2 and 3 (middle only) and R6 and 7 on a relatively warm day 26.7.94. (n=4)
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On the warm day the phosphorus concentrations were much lower in all the pools
(Fig. 5.6). There was no significant differences using a t-test, between the middle and

the edge of the pools.

Filter stﬁdies

The effect of different porosity filters on phosphorus concentration were
compared to those of unfiltered water from R1, W3 (above the Rivularia pools) and
seawater. There was no significant difference using Analysis of Variance, in the
concentration of the phosphorus fractions between the filters or unfiltered sea or
Rivularia pool water, but there were significant differences in the concentrations of
weed pool water depending on filter porosity (Fig. 5.7).  The phosphorus
concentration was much higher in the W3 than in R1 or seawater. Unfiltered samples
were not used for inorganic P.

In weed pool water t-tests were used in conjunction with Analysis of Variance to
identify which porosities were significantly different (Fig. 5.7). There were
significant differences in total P concentration between all the treatments. The only
non-significant difference in inorganic P concentration was between water filtered

using GF/F (0.7 um) and GF/C (1.2 pm) filters.
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53 Occurrence and morphology of Rivularia atra
From studies carried out on Calothrix parietina (Livingstone & Whitton, 1983),
it was know that increased inorganic P in a previously phosphorus limited culture
caused the formation of hormogonia (see 1.43). Fig. 5.8 shows that Rivularia atra
were rare when inorganic P concentrations in the pools were above 100 pg I-1.
Hormogonia may have formed from rare colonies when inorganic P was higher,
resulting in more abundant Rivularia once the peak in inorganic P had dropped. This

is shown by the correlations of Rivularia abundance to other variables (Appendix iv).
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Fig. 5.8 Comparison of Rivularia atra abundance with inorganic P and organic P concentrations,

on a log scale, from R1-9 April 1992 - October 1993. Dark circles superimposed when Rivularia atra

abundance in the pools = 4

Rivularia abundance was negatively correlated to all phosphorus fractions while
Rivularia chlorophyll a content was positively correlated to all phosphorus fractions.
So when Rivularia were rare, the chlorophyll a content of the colonies was probably

high. Colonies were rare at the time phosphorus concentrations were high. By the
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time phosphorus concentrations had dropped, Rivularia colonies had become abundant
(July / August), with less chlorophyll a per colony. The percentage of filaments with
hairs was positively correlated with the hair length and temperature of pool water; and
negatively correlated with colony diameter, NO3-N, salinity and tide height. Rivularia
colony diameter was negatively correlated with % hair: small, new colonies tended to
be those with hairs, since the phosphorus levels had dropped soon after their formation,
when phosphatase activity was highest, July/August - October. Colony diameter was

positively correlated with the concentration of chlorophyll a in the colony.

5.4 Identification of ''Dichothrix' community
Samples of crust material were collected from three different locations near R9
on 28.5.94, to identify the genera of material in samples of the "Dichothrix"

community (Table 5.8). The three locations were:

1.  Rock surface just above the water level where material was collected for assays
during the long-term study and the experimental studies

(Initial material taken from this site was isolated and became Dichothrix D861.
Material for isolation was taken on 19.10.1991)

2. Onrock 15 cm higher than the above

3.  Small freshwater pool at the top of the rock (+ 30 cm from 1); dried rapidly but

nevertheless with water 8 h after previous high tide

Schizothrix and Lyngbya may have been the same, but there were probably two
different organisms present. Schizothrix cells were approximately 1.8 pum with cells
up to 6 times longer than wide, often with one prominent granule at one end.
Calothrix trichomes had colourless regions and in some cases short hairs. The

Tolypothrix trichome reached 12-13 um (see 2.23).
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Table 5.8  Genera of material collected from 3 locations just above R9 (see text); +15 cm and + 30

cm on 28.5.94

Sites
Organism 1 2 3
Gloeocapsa 2
Entophysalis 5
Schizothrix calcicola (bundles) 4 2
? Lyngbya / Schizothrix 4 4
Calothrix parietina 4
Tolypothrix byssoidea 5 5 72
1-cellular green 3
young Enteromorpha 3

5.5 Phosphatase activity

Although 250 uM pNPP and 250 uM 4-MUP were assayed at different pH, the
two are graphed together in order to compare the timing of peaks in activity rather than

to compare the values of activity (see 2.251).

5.51 Filtered water

Fig. 5.9 shows that all pools showed a peak in activity using pNPP in July or
August 1992. In R7 this peak was less pronounced than in the other pools and R3 also
peaked in activity in January 1993 (32 pmol pNP I-! h-1). Phosphatase activity was
highest in R1 (74 umol pNP I-1 h-1). The phosphatase activity of filtered water from
the weed pools was similar to that of the Rivularia pools. Seawaiter showed much
lower activity with peaks in April and October 1992 and May and August 1993 (16
umol pNP I-1 h-1).
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Fig. 5.9 Phosphatase activity of GF/F filtered water using 250 pM pNPP (y axis) at pH 10.3 and
250 uM 4-MUP (yy axis) at pH 7.6, from W1-4, R1-9 and seawater, sampled monthly April 1992 -
October 1993. Samples were not taken from R5 or R9 or for 4-MUP until June 1992

Using 250 uM 4-MUP, activity peaked (0.7 pmol 4-MU 1-! h'l in R9 - 1.4 pmol
4-MU I-1 bl in W2) at a similar time to that of pNPP, July or August 1992, in all the
pools and seawater (Fig. 5.9). R9 showed a larger peak in activity in November 1992
(1.6 umol 4-MU I-! h'1). R6 showed a peak in activity in May 1993, but most pools
showed a peak in activity for 1993 between August and October (1 umol 4-MU 1-1 h-1
in R9 - 6 umol 4-MU I! hrl in R5). Filtered water phosphatase activity from the weed
pools was slightly higher than that in the Rivularia pools. Weed pools showed peak
activity at a similar time to the Rivularia pools; W2 and W4 also showed a peak in
activity in March 1993 (2.8 umol 4-MU I-1 h-1).  Activity using 4-MUP was much
lower than that using pNPP, which may be related to the lower pH used in the 4-MUP

assay.
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Using 1 uM 4-MUP activity peaked in July / August 1992 (0.14 umol 4-MU I-1
h-1in W1 - 0.35 pmol 4-MU I-! h-! in R4) in all pools and in July and September /
October 1993 (0.18 umol 4-MU I'1 h-1 in R1 - 0.4 pmol 4-MU I-! h-1 in R8) though in
W4 there was also a peak in February 1993 (0.43 umol 4-MU I-1 h-1), Fig. 5.10.
Activity was approximately 10-20 % that of 250 uM 4-MUP. TIN : inorganic P
appears to show a different pattern of peaks. It was plotted to give a comparison to

filtered water phosphatase activity at 1 uM 4-MUP.

TIN : inorganic P (by weight)

phosphatase activity (umol 4-MU I-1 h‘l)

0 |’|i|'|'|i|||f||'|u'u 0

1992 1993 1992 1993
3 R9 SEA

---------- TIN : inorganic P

s 1 uM 4-MUP

1992 1993 1992 1993

Fig. 5.10 TIN : inorganic P ratio (y axis) compared to phosphatase activity using 1 UM 4-MUP at
pH 7.6 (yy axis) of GF/F filtered water from W1-4, R1-9 and seawater, sampled monthly April 1992 -
October 1993 (samples for 4-MUP not taken until June 1992)

Although Fig 5.9 shows the similarity of the major peaks in filtered water

phosphatase activity, Table 5.9 shows that the correlations were not high. This may
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be related to the many small peaks which may affect the ranking order. R1 was
different to most pools. R 2, 3,4, 5 and 6 were similar to one another. The weed
pools were not highly correlated to one another, or the Rivularia pools. The seawater

was only correlated to W3.

Table 5.9 Intercorrelation matrix of phosphatase activity of filtered water using 250 pmol pNPP
between W1-4, R1-9 and seawater, April 1992 - October 1993

W1l W2 W3 W4|R1 R2 R3 R4 R5 R6 R7 R8 R9
w1
W2 kkock
W3
W4 {* *%
R1
R2 *
R3 £ 2 2 3
R4 kkk  kokok
R5 kg kok ok £33
R6 * * *k k¥ k
R7 *k
R8 * * % sk %k
RO *% * *k ok
SwW *

Using 250 uM 4-MUP, all phosphatase activity from R1-8 was highly correlated,
in contrast to pNPP, perhaps because there are fewer small peaks between maxima

(Table 5.10). Activity from W3 was highly correlated to R2 - 8.

Table 5.10 Intercorrelation matrix of phosphatase activity of filtered water using 250 pmol 4-MUP
between W1-4, R1-9 and seawater, April 1992 - October 1993

W1 W2 W3 W4[RI R2 R3 R4 R5 R6 R7 RS RO
Wi
W2 | =*
W3 * Heskeok
W4
R1 *kk *
R2 k% k%
R3 * * %k ok k
R4 * * ok k% Hokok k4K
R 5 * *k %k K3k % kkk  kk
R6 * *skeok %k ®dck  ckkk Kk k
R 7 * %k ok %k dekk  kkk ek * %k
RS8 * *k * * %k *kok kkk  kkk ok k * % *kkk
R9 +
SW * * %k * * *k
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Using 1 uM 4-MUP, all the Rivularia pools were similar. W4 was only
correlated with R1 and R9 (Table 5.11). With the lowest substrate concentration the
correlation of activity between the Rivularia pools, weed pools and seawater, was

greatest.

Table 5.11 Intercorrelation matrix of phosphatase activity of filtered water using 1 pmol 4-MUP

between W1-4, R1-9 and seawater, April 1992 - October 1993

W1l W2 W3 W4 |R1 R2 R3 R4 R5 R6 R7 R8 R9
Wi
W2 | ***
W 3| #xk kxx
W4 *
R1 * * *
R2 | ** * *kk
R3 | = * k%
R4 | ** * * kxKk sk Rk
RS | * *x *kk K sk ok
R6 | ** * sk *kck dkk kkk kkk kKK
R7 | * * *% sokk kdok dokk okkk dokok
RS8 | * * %% dokk kkk  kkk kkk dokk kkk
RO | #*x = * * kK *kk kkk  kkk  kkk K *
SW kkk  kk *kk  kk sk fkk X Rk ok *% * *ok

Correlations of both filtered water phosphatase activity using 4-MUP were
positive to temperature and organic P and negative to salinity, tide height, either NHy-
N or NO3-N and TIN : inorganic P, and weed deposits; reinforcing that organic P
increased when the pools were exposed longer and temperatures of the pools, therefore
were higher and salinity was lower (Appendix iv). Filtered water phosphatase activity
using 250 uM pNPP was also positively correlated to temperature. Filtered water
phosphatase activity using 4-MUP was positively correlated to Rivularia and Ralfsia
phosphatase activity using 250 pM 4-MUP and Ralfsia phosphatase activity using 1
uM 4-MUP. Filtered water phosphatase activity using 250 uM 4-MUP was positively
correlated to both other filtered water phosphatase activity and was negatively
correlated to inorganic P. Filtered water phosphatase activity using 1 puM 4-MUP was
positively correlated to filtered water phosphatase activity using 250 uM 4-MUP and

all phosphatase activity of Rivularia.
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5.52 Rivularia atra, "Dichothrix" community and Ralfsia verrucosa
phosphatase activity
Rivularia atra
Rivularia phosphatase activity was maximal in July / August 1992 in colonies
from all pools using pNPP (0.02 mol pNP chl a-1 h-1 in R8 - 0.26 pumol pNP ug chl a-
1 h-1 in R4), Fig. 5.11. Colonies from R8 showed continuously higher activity from
July 1992 to October 1992 (0.02 pmol pNP pg chl a-1 h-1) and did not show an overall
peak in 1993. Using 250 uM 4-MUP, maximal activity was found one to two months
after the peak usiﬁg pNPP; in August - October 1992 (0.07 umol 4-MU pg chl a-! h-l
in R6 - 0.003 umol 4-MU pg chl a-! h-! in R2) and also in July 1993 in colonies from
R1, 2, 3,4,5,7 and 8 though approximately 20 % that of the 1992 peak (Fig. 5.11).
Colonies from R1, 2, 3 and 8 showed high activity, though not maximal, using 4-MUP

at the time of the peak using pNPP.

1993 1992 © 1993
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phosphatase activity (umol pNP pg chl a -1 h'l)
phosphatase activity (pmol 4-MU pg chl a 'y 1)
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(),0(1) ......... P 250 uM 4-MUP

1992 1993

Fig. 5.11 Phosphatase activity of Rivularia colonies from R1-9 using 250 pM pNPP (y axis) at pH
10.3, and 250 uM 4-MUP (yy axis) at pH 7.6, sampled monthly April 1992 - October 1993. (All
samples for 4-MUP lost in May 1992; R9 no Rivularia present during April - July 1992 or January -
August 1993 or October 1993; error bars n = 4, R6 only, April - October 1993)
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Using 1 uM 4-MUP activity peaked in colonies from all pools in September 1992
(0.0016 umol 4-MU pg chl a-1 h'! in RS - 0.0002 umol 4-MU pg chl a-! h-1in R7)
though this peak was not maximal in R6, 7 and 8 (Fig. 5.12). The colonies from these
pools showed maximal activity in April or July 1992 (0.0002 pmol 4-MU pg chl a-l h-
1), Colonies from all pools peaked at either the end of June (2 samples were taken for
phosphorus and phosphatase activity in June 1993, two weeks apart) or July 1993,
though this peak was much smaller than in 1992 (0.0003 umol 4-MU pg chl a-! h-lin
R4 - 0.00006 umol 4-MU pg chl a-! bl in R2). Colonies also showed a peak in
activity in September / October 1993. Generally, inorganic P appeared to show a
negative influence on phosphatase activity in Rivularia colonies at 1 pM 4-MUP,

except in June 1993.
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Fig. 5.12 Inorganic P concentration (y axis) of water from R1-9 compared to phosphatase activity of
Rivularia atra colonies using 1 uM 4-MUP (yy axis) at pH 7.6, sampled monthly April 1992 - October
1993 (Samples for 4-MUP in May 1992 lost; no Rivularia present in R9 during April - July 1992 or
January - October 1993; error bars n = 4 R6 only, April - October 1993, bars may be smaller than
symbol)
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Generally, Rivularia phosphatase activity between the Rivularia pools was
similar using pNPP (Table 5.12). But as with the phosphatase activity of filtered
water, Rivularia phosphatase activity using pNPP was less highly correlated than using

4-MUP. The high correlation of colony activity from R1, 3 and 5 to R9 is probably

due to similar trends in activity when Rivularia were present in R9.

Table 5.12 Intercorrelation matrix of phosphatase activity of Rivularia atra colonies using 250 pmol

pNPP between R1-9, April 1992 - October 1993

R1 R2 R3 R4 R5 R6 R7 R8 R9

R1

R2
R3
R4
RS
R6
R7
R8
R9

kk
*k
*

dk

kkok
*k

k3%

*kok

Kk

kkk

kk

k*k
Xk

Using 4-MUP all pools were similar except R9 as Rivularia was absent from R9

for half the sample period (Tables 5.13 and 5.14). 250 uM 4-MUP showed the highest

correlation of Rivularia phosphatase between the pools.

Table 5.13
4-MUP between R1-9, April 1992 - October 1993

Intercorrelation matrix of phosphatase activity of Rivularia atra colonies using 250 pmol

R1

R2

R3

R 4

R5 R6

R7 R8 R9

R1

R3
R4
RS
R6
R7
R3S
R9

$okk
*kok
P

Kook
ok

ok
*okk

k%
ok
*okk
Kk
sk
* kK

k%
Kok
*%
sk
*kk

kk
*k
*%
kkok

ko

sokk

sk
*%

*kok
Kk

K%k Kk
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Table 5.14 Intercorrelation matrix of phosphatase activity of Rivularia atra colonies using 1 mol 4-

MUP between R1-9, April 1992 - October 1993

R1 R2 R3 R4 RS R6 R7 R8 R9
R1
R2 | **=
R3 |** *kk
R4 |t == * k%
R5 |** * ®% *k
R6 |* * *
R7 |** kK kkE % * *
R8 |** *% *% * * **
R9 * * % ok

All Rivularia phosphatase activity was positively correlated to % trichomes with
hairs in a colony (% hair) and filtered water phosphatase activity at 1 uM 4-MUP, and
negatively correlated to chlorophyll a in the colony and salinity (see Appendix iv). In
conjunction, activity using 250 pM and 1 pM 4-MUP was negatively correlated to %
hormogonia in the colonies. Activity using 250 pM pNPP and 250 uM 4-MUP was
negatively correlated to inorganic P and positively correlated to hair length. Activity
using 250 uM 4-MUP was also positively correlated to Rivularia abundance and
activity using 1 uM 4-MUP was also negatively correlated to colony diameter. These
correlations associated phosphatase activity with hairs in colonies, hair length, with
small colonies (with little chlorophyll a), the absence of hormogonia, when colonies
were abundant and when inorganic P was low. However, activity at 250 uM pNPP
was positively correlated to TIN : inorganic P (and NH4-N) while using 250 uM 4-

MUP it was negatively correlated. All Rivularia phosphatase activity was positively

correlated.

"Dichothrix'' community
The "Dichothrix" community was always present on rock just above the water in
R9. Water from this pool was not collected for analysis until July 1993, two months

after the start of the long-term field study. All substrates show a similar trend, with
phosphatase activity peaking in October 1992 and October 1993 (0.04 and 0.08 pmol

pNP g chl a-! b'l; 0.04 and 0.03 pumol 4-MU pg chl a-! ir!; 0.0004 and 0.004 pmol 4-
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MU pg chl a-l hl, respectively), Fig. 5.13. The October 1992 peak coincided with a
peak in the TIN : inorganic P ratio of ‘1.5.

The phosphatase activity of the "Dichothrix" community at 250 uM 4-MUP, like
that of Rivularia, was negatively correlated to salinity and positively correlated to
activity at 1 uM (Appendix iv). Using 1 uM 4-MUP activity was correlated to activity
at 250 uM. Given that the peaks in activity using all the substrates occur at the same
time, and so distinctively, it is surprising that activity using 250 pM pNPP is not

related to activity using 4-MUP.
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Fig. 5.13a  Phosphatase activity of the "Dichothrix " community, sampled monthly from above R9,
April 1992 - October 1993) using 250 pM pNPP (y axis) at pH 10.3, and 250 pM 4-MUP (yy axis) at
pH 7.6 (sample for 250 uM 4-MUP May 1992 lost)

Fig 5.13b  TIN : inorganic P ratio in R9 (y axis); sampled from June 1992 - October 1993, compared
to phosphatase activity of the "Dichothrix" community using 1 UM 4-MUP (yy axis) at pH 7.6 (sample
for 1 pM 4-MUP May 1992 lost)
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Ralfsia verrucosa
Ralfsia was always present in all the Rivularia pools. Samples of Ralfsia were
taken from each pool to compare its activity with the phosphatase activity of Rivularia
atra. Activity of Ralfsia using 250 pM pNPP peaked in May 1993 in R1, 3, 6, 7 and 8
(0.003 in R8 - 0.08 in R7 umol pNP g chl a-l hrl), Fig. 5.14. Activity peaked in June
1993 ( 0.005 umol pNP pug chl a-! h-l in R5 - 0.04 umol pNP pg chl a1 h-lin R9) in
the other Rivularia pools (R2, 4, 5 and 9) Using this substrate, a larger peak of
activity occurred in September or October in R3, 5, 8 and 9 (0.010 umol pNP ug chl a-
1 h-1 in R3 - 0.051 umol pNP pg chl a-! h-! in R9). Activity was generally higher in

Ralfsia from R7 and R9.

phosphatase activity (umol pNP pg chl a1 h‘l]
Phosphatase activity (umol 4-MU pg ¢hl a-1 1-1)

——— 250 uM pNPP

----- ®mnae 250 “-M 4-MUP

1993

Fig. 5.14 Phosphatase activity of Ralfsia verrucosa from R1-9 using 250 uM pNPP (y axis) at pH
10.3 and 250 UM 4-MUP (yy axis) at pH 7.6 sampled monthly from December 1992 - October 1993

Using 250 uM 4-MUP (Fig. 5.14), Ralfsia phosphatase activity peaked in June /
July (0.0007 pmol 4-MU pg chl a-! bl in R8 - 0.025 umol 4-MU pg chl a-! bl in R9)
and in September / October (0.0005 pmol 4-MU pg chl a-! h'! in R3 - 0.013 pmol 4-
MU pg chl a-! h-l in R9) in all the pools (Fig. 5.14). As with pNPP, Ralfsia from R9



114
had generally highér activity.  Unlike the phosphatase activity of the Rivularia
colonies, there was no clear indication that Ralfsia phosphatase activity using pNPP
reached a peak before that of 4-MUP (Fig. 5.14).

Using 1 uM 4-MUP there was a small peak in the phosphatase activity of Ralfsia
in February / March in all pools (1.2 x 10-5 umol 4-MU pg chlal h-1in R4 - 1.2 x
10-4 umol 4-MU pg chl a-! k'l in R9), Fig. 5.15. A peak in activity occurred in
September / October in all the pools which was the highest in R1, 3, 5, 6, 7, 8 and 9
(8.8 x 10-5 wmol 4-MU pg chla! h-lin R6 - 1.8 x 10-3 pmol 4-MU pg chl a-l h-lin
R9). Activity using 1 uM 4-MUP showed very similar peaks to that using 250 uM 4-
MUP. At the lower substrate concentration activity was approximately 10 % that of
the higher substrate concentration. Generally, activity showed an apparently inverse

relationship to TIN : inorganic P which peaked in October 1992 (0.7 in R4 - 3.6 in R3).
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Fig. 5.15 TIN : inorganic P ratio (y axis), sampled April 1992 - October 1993 compared to
phosphatase activity of Ralfsia verrucosa from R1-9 using 1 uM 4-MUP (yy axis) at pH 7.6, sampled
from December 1992 - October 1993
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Using 250 UM pNPP phosphatase activity of Ralfsia between all pools was not
highly correlated except between R2 and R4; and RS and R8. Using 250 uM 4-MUP,

activity between all pools was correlated except R7 (Table 5.15a). Using 1 uM 4-

MUP activity of all pools was less highly correlated (Table 5.15b).

Table 5.15a Intercorrelation matrix of phosphatase activity of Ralfsia verrucosa using 250 uM 4-MUP
between R1-9, December 1992 - October 1993

Table 5.15b Intercorrelation matrix of phosphatase activity of Ralfsia verrucosa using 1 pM 4-MUP
between R1-9, December 1992 - October 1993

250 uM [R 1 R2 R3 R4 RS5 R6 R7 R 8 R9

R1

R2 *x

R3 ko *

R4 * *k *

RS *kk ok * *k¥k

R6 * K *k %k *kk  kkk

R7

R 8 * *okk * * *

R9 * *k * * k% * *

1 uM R1 R2 R3 R4 RS5 R6 R7 R3 R9

R1

R2 **

R3 *okk

R4 * *

RS *% sekok *okok *

R6

R7 * *

R S8 *okok Hkok * * skkk ok

R9 K% *okx *kk *

Phosphatase activity of Ralfsia was positively correlated using each substrate.
Activity using 4-MUP was similarly correlated at both substrate concentrations:
positively to organic and total P, temperature and both Rivularia and filtered water

activity using 4-MUP and negatively to salinity and TIN : inorganic P (Appendix iv).

5.6 Summary

Total phosphorus concentrations, predominantly inorganic P, were high in June
(all 3 years) in the weed pools. There was also a slight peak in February / March.
R1, 4 and 9 showed similar peaks to those of the weed pools, though of lower

concentration, but in the other Rivularia pools phosphorus concentrations were higher
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after very high spring tides (February - March 1993). Organic P was a higher
proportion of total P in the Rivularia pools and showed a high degree of correlation
within the weed pools and within the Rivularia pools, with some overlap between the
two. Inorganic P was less highly correlated. Nitrogen showed a similar pattern to
that of phosphorus. Nitrogen was often very low in the Rivularia pools and, like
inorganic P, concentrations were sometimes lower in the Rivularia pools than in either
the weed pools or the seawater.

Intensive studies showed that tidal cycle may play an important role in nutrient
dynamics. Organic P was found to increase during the course of a tidal cycle, which
was especially obvious when the previous high tide had covered the Rivularia pools.
There was a significant difference between unfiltered and filtered (1.2, 0.7, 0.2 pm
porosity) water from W3 although no significant differences were found between these
fractions in water from R1 or seawater. There was very little difference in phosphorus
concentration between water collected from the middle and the edge of Rivularia
pools. Following recent Laminaria deposition in R7, phosphorus concentration,
largely inorganic P, was considerably higher than in the other pools.

Phosphatase activity of filtered water showed similar peaks with all three
substrates. Phosphatase activity of Rivularia colonies showed an apparent difference
in activity in 1992, between the two substrates, with pNPP appearing to peak at least
one month before 4-MUP in all the pools. There was a higher degree of correlation
between the activity of Rivularia colonies from different pools, measured using 4-
MUP than using pNPP. This may have been because pNPP showed a higher degree of
variability between peaks. Phosphatase activity of Ralfsia showed no apparent
difference in peaks of activity between pNPP and 4-MUP, though, as with Rivularia,
there was less correlation of Ralfsia activity from different pools using pNPP than
using 4-MUP. Activity at 1 uM 4-MUP peaked at similar times to that using 250 uM
4-MUP. The "Dichothrix" community showed the clearest peaks in phosphatase
activity, in October 1992 and October 1993 with all three substrates.

Throughout the study, phosphatase activity was mainly low with occasional

peaks. There appeared to be periods when activity was especially high, though these



117
were differenbt for different organisms and, apparently, when assayed with different
substrates in the case of Rivularia. Phosphatase activity in Rivularia was negatively
correlated to inorganic P (except using 1 uM 4-MUP), and salinity, and positively
correlated to Rivularia abundance (using 250 UM 4-MUP), % hairs in colonies and the
temperature of pool water (except using 1 uM 4-MUP). Temperature showed a
positive correlation and salinity a negative correlation to phosphatase activity in
Ralfsia and filtered water using both concentrations of 4-MUP, also (see Appendix iv).

Organic P was negatively correlated with tide height and Rivularia abundance,
and positively correlated with total and inorganic P, temperature of the pool water and
chlorophyll a content of the Rivularia colonies. Inorganic P was negatively correlated
with Rivularia abundance. Inorganic P was positively correlated to total and organic P
and chlorophyll a of the Rivularia colonies (see Appendix iv). Colonies were most
abundant when inorganic P was < 100 pg I-1. Rivularia colonies were most active
when they were most abundant, small and with little chlorophyll a. This tended to be
in the summer when water temperature was higher, tide heights were lower, salinity

was lower and inorganic P was lower but organic P was generally higher.
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CHAPTER 6
EXPERIMENTAL STUDIES ON UPPER TEESDALE ORGANISMS

6.1 Introduction

The long-term field studies showed that there may be differences in phosphatase
activity between pNPP and 4-MUP. Although this was not apparent with Rivularia
biasolettiana colonies (see 4.42), R. atra showed differences between the two
substrates clearly (see 5.52). The aim of this chapter was to find out more about the
differences in phosphatase activity of freshwater organisms using the two substrates.

Assays for the long-term field studies were carried out at different pH so
phosphatase activity throughout a pH spectrum was obtained for each organism.
Other experiments were carried out at pH 9, a pH between those used in the field
studies (pH 7.6 and 10.3), and the mean environmental pH of the stream (pH 8). pH 9
is also the lowest pH approaching the optimal pH using both substrates (see 6.23 and
6.33).

An axenic culture of Calothrix parietina D550 was used as a comparison to the
field population of Rivularia biasolettiana. Also, variables in growth conditions could

be manipulated in the axenic culture.

6.2 Axenic culture: Calothrix parietina D550

Calothrix parietina was isolated from Sand Sike in Upper Teesdale. This stream
was similar in water chemistry to Red Sike, with pulses of phosphorus in spring
(Livingstone & Whitton, 1984). Calothrix parietina has been kept as an axenic
culture since 1979. Cultures for these experiments were grown in Chu 10D medium
(Chu, 1942) as modified by Gibson and Whitton (1987) and Grainger et al. (1989), see
2.31. Nitrogen was not added to the medium and the phosphorus concentration was 1

mg 1-1 at the time of subculture.
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6.21 Time course
Time course experiments were used on the axenic culture to find out if the older
cultures (assumed to be more P deficient) had a higher réte of activity and if there was
a difference in rate of substrate cleavage at different substrate concentrations. Time
course experiments were also used to check that activity was linear, especially at
higher concentrations of substrate where enzyme limitation might occur. The rates of

activity were linear with both substrates (Fig 6.1).

3.0 1500 uM pNPP

2.0 y = 0.074x + 0.140 12 = 0.983
y = 0.047x - 0.010 12 = 0.952
y = 0.035x + 0.048 2 = 0.992

|y =0025x +0.048 1= 0982

30o  S00uM 4-MUP
y=0.103x - 0.153 1% =0984
y = 0.042x - 0.002 12 =0.943
y = 0.036x + 0.038 12 =0.954
y = 0.016x + 0.027 12 = 0955

phosphatase activity (Wmol product pig chl a'l)

3.0 -
- 250 UM 4-MUP
" y = 0.037x - 0.060 r2 = 0984
2.0 - y =0.031x + 0.065 12 =0.927
y = 0.021x + 0.012 r2 = 0.984
1.0 ®  y=0015x+0018 2 = 0.962
0.0 T 1 1
0 10 20 30
time (min)
o 7 day culture o 14 day culture

X 21 day culture A 28 day culture

Fig. 6.1 Time course of phosphatase activity of Calothrix parietina D550 at 7, 14, 21 and 28 d,
using 1500 uM pNPP, 500 and 250 uM 4-MUP ; all at pH 9.0
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With 1500 uM pNPP, the 21 day old culture showed the lowest rate of activity
(0.7 umol pNP g chl a-! after 30 min), Fig. 6.1. This was 32 % that of the 28 day old
culture which showed the highest rate of activity (2.2 pmol pNP pg chl a-! after 30
min). Although the 14 day old culture showed a lower rate of activity than the 7 day
old culture, the difference in rate of activity between these two was not significantly

different (Table 6.1), using a test for equality of slopes (Zar, 1984).

Table 6.1 Comparison of phosphatase activity using 1500 uM pNPP, 500 and 250 uM 4-MUP
between 7, 14, 21 and 28 d cultures of Calothrix parietina D550, (df = 10)

Cultures | 1500 uM pNPP____ 500 uM 4-MUP 250 uM 4-MUP
7:14 NS NS ok
7:21 * %k Xk %k * %k %k
7:28 ** ik NS

14:21 - - -

14:28 *hx *hk NS

21:28 - - *

Using 500 uM 4-MUP the rate of activity was again greatest in the oldest culture
(2.9 umol 4-MU pg chl a-! after 30 min), Fig. 6.1. The 7 and 14 day cultures had a
higher rate of activity than the 21 day culture (0.4 umol 4-MU pg chl a-! after 30 min)
which was less than 14 % that of the 28 day culture. The rates of activity of all the
cultures were significantly different (p < 0.001) except the 7 and 14 day old cultures.
These results were similar to those using 1500 uM pNPP (Table 6.1).

Using half the substrate concentration, 250 pM 4-MUP, the rate of activity of the
28 day old culture was much less distinctive. The 21 day old culture still showed the
lowest rate of activity (Fig. 6.1), which was the same as the rate of activity at twice the
substrate concentration, as was the 7 day old culture. The rate of activity in the 28 day
old culture was much less, one third of that at the higher substrate concentration, and

was not significantly different to the 7 day or 14 day old cultures (Table 6.1).
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6.22 Substrate concentration

The results of the rates of activity at 250 uM 4-MUP and at 500 uM 4-MUP may
be related to enzyme characteristics. Kinetic experiments on the different aged
cultures were used to try to determine characteristics of phosphatase activity using both
substrates.

The 7 day old culture had the lowest V45 for both pNPP (1.1 pmol pNP pg chl
a-1 h-1) and 4-MUP (0.5 pmol 4-MU pg chl a-! h'1) and the 14 day old culture had the
highest V;pqx for both substrates (4.4 and 4.7 pmol product pg chl a1l hl,
respectively), Table 6.2. The 7 day culture assayed with 4-MUP is not clearly linear
so high and low substrate concentrations were regressed separately. The regression
line for the total spectrum of substrate concentrations is also shown (Fig. 6.2).

The possible non-linearity of the Lineweaver - Burk plot (and Eadie - Hofstee
plot) may indicate non-Michaelis - Menten type Kinetics in the 7 day old culture
assayed with 4-MUP (Fig. 6.2); with high substrate concentrations giving a higher
Vmax and K,y than the lower substrate concentrations (Table 6.2). ngy (see 2.4) was
calculated and found to be < 1 (Table 6.2), indicating negative cooperativity.
Negative cooperativity is defined as a protein molecule having two or more sites where
the event of binding at one site interferes with the same event of binding at other sites
in the molecule (Bohinski, 1987). As the substrate concentration increases enzyme-

substrate binding becomes less efficient. Ky, increases as the enzyme - substrate

affinity is lessened.
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pNPP y = 104.391x + 0.911 r? = 0.962
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| | | |
0 005 01 015 0.2 V[S](uM)
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X 21 day old culture A 28 day old culture

- Fig. 6.2 Lineweaver - Burk plot of Calothrix parietina D550 using pNPP and 4-MUP, at 7, 14, 21
and 28 d, at pH 9.0 (n =4)

The 7 day old culture showed the lowest Ky, and thus indicates the greatest
affinity of all cultures to both substrates (Table 6.2). However Vyqx /Ky was highest
(0.060 using pNPP and 0.086 using 4-MUP) in the 14 day old culture using both

substrates (Table 6.2), indicating the highest competitive ability (see 2.4), except at

low concentrations of 4-MUP when 7 day old culture gave a V gy /Ki ratio of 0.123.

The data for 21 and 28 days were similar using pNPP but using 4-MUP, 21 day

cultures had a higher Vyqx and K.  The Ky, value was always lower and the ratio

Vimax 'Km was always higher using 4-MUP.
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Table 6.2  Kinetic values for cultures of Calothrix parietina D550 7, 14, 21 and 28 d using pNPP and
4-MUP

Culture (d) Vmax Km Vmax/Km nH
pNPP 4-MUP pNPP 4-MUP pNPP 4-MUP 4-MUP

7 low [S] 0.5 4 0.123
high [S] 1.0 52 0.018

all [S] 1.1 0.5 64 12 0.017 0.045 0.730

e
14 43 4.7 72 54 0.060 0.086
21 3.7 2.5 150 49 0.025 0.050
28 3.9 1.8 134 23 0.029  0.082

Since Lineweaver - Burk plots are expected to be linear throughout substrate
concentration in classical Michaelis - Menten kinetics, an equality of slopes test was
performed on plots to compare the activity using pNPP to that using 4-MUP on same
age cultures. The test for equality of slopes from the Lineweaver - Burk plots showed
that the same age cultures gave a significantly different response when using pNPP
than when using 4-MUP (Table 6.3). Seven day cultures using 4-MUP may be non-
linear through the total substrate range, so high and low concentrations were compared
separately. There was a significant difference between the slope of 7 day old cultures
assayed with low concentrations (5-50 pM 4-MUP) to those assayed at high

concentrations (100-1000 uM 4-MUP).

Table 6.3  Comparison of Lineweaver - Burk plots of Calothrix parietina D550 7, 14, 21 and 28 d
using pNPP to those using 4-MUP (high and low concentrations of 7 day cultures using 4-MUP

compared separately)

Culture and substrate df p
7 pNPP : 74-MUP 11 * ek
14 pNPP : 14 4-MUP 10 *x
21 pNPP : 21 4-MUP . 1t *k%
28 pNPP : 28 4-MUP 11 *okk

7 4-MUP low : 7 4-MUP high 4 Hokk
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Using pNPP, there were significant differences between all the different age
cultures except 21 and 28 day old cultures (Table 6.4). Using 4-MUP, 7 day old
cultures showed no significant difference to any of the other cultures; all the other
cultures were significantly different from one another (p £ 0.001), Table 6.4.
However, all concentrations were used to compare 7 day old cultures to the other
cultures. Because the 12 value of the 7 day old cultures was lower, the variance was
increased which may result in the slope being not significantly different to any of the

others cultures.

Table 6.4 Comparison of Lineweaver - Burk plots using pNPP and 4-MUP between Calothrix
parietina D550 (7, 14, 21, 28 d cultures)

Cultures pNPP 4-MUP
df p df p
7:14 11 *okk 10 NS
7:21 11 *okk 11 NS
7:28 11 koK 11 NS
14 : 21 12 Hokk 9 ol
14 : 28 12 ok 9 *okk
21 :28 12 NS 10 *Ak
6.23 pH spectrum

At all substrate concentrations and with both substrates the optimum pH of
phosphatase activity in Calothrix parietina D550 was between 9.5 - 11.0 (Fig. 6.3).

Activity using pNPP showed a more gradual response to pH.
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~0.1

phosphatase activity
(umol 4-MU pg chl a-l h-1)
1 uM 4-MUP

phosphatase activity
(umol product ug chl a’l h‘l)
250 uM pNPP and 250 uM 4-MUP

—O—— 250 uM pNPP ----@---- 250 yM 4-MUP —&A—— 1 uM 4-MUP

Fig. 6.3 pH spectrum of 21 d Calothrix parietina D550 phosphatase activity using 250 uM pNPP
and 4-MUP (y axis) and 1 uM 4-MUP (yy axis) (n=3)

6.3 Field population: Rivularia biasolettiana

Rivularia showed a high degree of variability in the long-term field study (see
4.42) which made interpretation of differences between substrates and substrate
concentrations difficult. More detailed studies on phosphatase activity were carried
out which may be helpful in illustrating features of the enzymes involved, although
environmental conditions (e.g. phosphorus concentration) in the stream at time of
sampling may influence the phosphatase activity of the colonies. Phosphatase activity
was generally high at Red Sike, so colonies were collected when phosphorus levels
were expected to be low.

Colonies collected for the experiment showing the effect of pH on phosphatase
activity, were collected at the same time as those collected for time course
experiments, on 17.3.1994. At the time of collection, the total P concentration of the
water at Red Sike was very low (< 2 pug I'1, all of which was inorganic). Colonies of
Rivularia collected for experiments comparing teased to whole colonies, were
collected from Red Sike on 13.6.1994 when phosphorus levels in the water were below

detection limits.
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6.31 Time course
An experiment comparing the rate of activity in whole and teased colonies was

used to determine the permeability of the two substrates (Fig 6.4).

0.084 pNPP
y = 9E-04x - 3E-03 12 = 0.946

y = 4E-04x + 2E-03 12 = 0.901

0.08

= -4 - - = (.
0.04 y = 1E-04x - TE-04 12 = 0.984

y = 6E-05x - SE-04 12 =0.960

phosphatase activity (tmol product g chl a'l)

0 20 40 60 80 time (min)
o whole colonies o] teased colonies

Fig. 6.4 Time course of phosphatase activity of Rivularia biasolettiana comparing teased and

whole colonies using 250 uM pNPP and 250 pM 4-MUP, at pH 9.0

Time courses using Rivularia biasolettiana colonies were always linear (Fig.
6.4). Teased colonies gave a higher rate of activity than whole colonies which was
significant (p < 0.001) using both substrates (Table 6.5). When comparing the rates of
activity of each type of colony separately to each substrate, significantly higher rates of

activity were found using pNPP than 4-MUP.

Table 6.5 Comparison of phosphatase activity using 250 uM pNPP and 250 uM 4-MUP, between

teased and whole Rivularia biasolettiana colonies at pH 9.0; (df = 14)

Substrate and colony type p

pNPP whole : pNPP teased *Hk
4-MUP whole : 4-MUP teased *kK
pNPP whole : 4-MUP whole *kk

pNPP teased : 4-MUP teased *kx
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Because of the differences between the substrates (substrate concentrations and

pH) and high variability of the results in the long-term field study of Rivularia,
different sized colonies were compared in order to find out if small differences in size

would account for some of the variability (Fig. 6.5).
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Fig. 6.5 Time course of phosphatase activity of different sized colonies (3-4, 5-6, 7-8, 9-10 mm) of
Rivularia biasolettiana using 250 uM pNPP and 4-MUP at pH 7.6, 9.0 and 10.3

Generally, activity was much lower at pH 7.6 using both substrates, than at either
pH 9 or pH 10.3. All rates of activity were linear (p < 0.050) except the 3-4 mm

colonies using pNPP at pH 9. Comparing the two substrates (Table 6.6), it was found
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that there was no significant difference between the rates of activity in the smaller
colonies at any pH. However 9-10 mm colonies, at pH 7.6 and 9, had a significantly
higher rate of activity using pNPP than 4-MUP (p < 0.010), but at pH 10.3 there was
no significant difference. At pH 10.3 the 7-8 mm colonies showed a significantly

higher rate of activity using pNPP (p < 0.050).

Table 6.6  Comparison of phosphatase activity of different sized Rivularia biasolettiana colonies (3-4
mm, 5-6 mm, 7-8 mm, 9-10 mm) between 250 uM pNPP to those using 250 uM 4-MUP at pH 7.6, 9.0
and 10.3 (df = 14)

Colony size (mm) pH 7.6 pH 9.0 pH 10.3
3- 4 NS NS NS
5-6 NS NS NS
7- 8 NS NS *
9-10 *x il NS

When comparing the rates of activity of the different sized colonies using pNPP,
at pH 7.6 there were no significant differences between colony sizes (Table 6.7).
However, at both pH 9 and 10.3 there were significant differences in the rates of
activity between the smaller sized colonies (3-8 mm) and the largest colonies (9-10

mmy).

Table 6.7 Comparison of phosphatase activity using 250 uM pNPP and 4-MUP between different
sized Rivularia biasolettiana colonies, at pH 7.6, 9.0 and 10.3 (df = 14)

Colony size pNPP 4-MUP
(mm)
pH 7.6 pH 9.0 pH 10.3 pH 7.6 pH 9.0 pH 10.3

3-4:5- 6 NS NS NS NS NS ok
3-4:7- 8 NS NS NS NS NS *ok
3.4:9-10 NS *okok Kk NS ok *kk
5-6:7- 8 NS NS NS NS NS NS
5-6:9-10 NS ok *okok NS Kok ok
7-8 :9-10 NS *xx *okk NS kK *k
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Using 4-MUP there was a similar pattern (Table 6.7) with the lowest pH showing
no significant differences between colonies of different sizes. At higher pH there were
more differences. At pH 9, as with pNPP, there were differences between the largest
colonies and all the other sizes. At pH 10.3 only 5-6 : 7-8 mm colonies showed no
significant difference in rate of activity.

Comparing the rates of activity of similar sized colonies at different pH using
pNPP (Table 6.8), there were no significant differences between the different pH in the
smaller colonies, only between pH 7.6 and 10.3 in 7-8 mm colonies and between all
three combinations of pH in the largest colonies. Using 4-MUP there were more
differences, especially comparing activity at pH 10.3 in the smallest colonies and when ~
comparing all three combinations of pH in the largest colonies.

It seems unlikely that the variability in activity in the long-term study was related
to small differences in colony size. From these experiments 4-MUP shows more
difference related to colony size, whereas in the field study colony activity using both

pNPP and 4-MUP was highly variable.

Table 6.8 Comparison of phosphatase activity using 250 uM pNPP and 4-MUP of Rivularia
colonies (3-4, 5-6, 7-8, 9-10 mm) between pH 7.6, 9.0 and 10.3 (df = 14)

pH p values using pNPP p values using 4-MUP

34mm 56mm 7-8mm 9-10mm}| 3-4mm 5-6mm 7-8mm 9-10 mm

76: 9.0 NS NS NS *kk NS NS NS Aokk
7.6:10.3 NS NS ok sk otk ke NS ook
9.0:10.3 NS NS NS *k Fkok NS NS Fkk
6.32 Substrate concentration

Kinetic experiments were carried out on whole colonies compared to teased
colonies in order to continue testing the effect of colony structure and permeability of

the two substrates.
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pNPP
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Fig. 6.6 Lineweaver - Burk plot comparing teased and whole colonies of Rivularia biasolettiana,

using pNPP and 4-MUP, at pH 9.0 (separate regression lines for whole colonies at low and high

concentrations of pNPP also shown) (n=3)

Teased colonies showed higher activity than whole colonies using both pNPP
and 4-MUP, though activity was less in both teased and whole colonies using 4-MUP
(Fig. 6.6). Whole colonies showed possibly different activity at high and low
substrate concentrations using pNPP, indicated by a slightly non-linear Lineweaver -
Burk plot (Fig. 6.6) and an ng < 1 (Table 6.9), indicating negative cooperativity.
Comparing teased and whole colonies at all substrate concentrations (Table 6.9), teased
colonies gave a higher Vy,qx (approximately twice as high using both pNPP and 4-
MUP); a similar Ky using pNPP (65, 64 uM) and a Ky, nearly twice as high (9.6, 5.4
uM) using 4-MUP (Table 6.9). Both whole and teased Rivularia colonies gave a
higher Ky, with pNPP. The ratio of Vyqx/Km was higher using 4-MUP in both whole

(except at low substrate concentration where the ratio was slightly higher in pNPP) and
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teased colonies. Vpygx was greater using pNPP than using 4-MUP (6.1 times with

teased colonies and 7.1 times with whole colonies), Table 6.9.

Table 6.9  Kinetic values for teased and whole Rivularia biasolettiana colonies using pNPP and 4-

MUP, assayed at pH 9.0

Colony type Vmax Km Vimax/Km nH
pNPP 4-MUP pNPP 4-MUP pNPP 4-MUP pNPP

whole

low [S] 0.038 13.7 0.0028

high [S] 0.066 257.7 0.0003

all [S}] 0.050 0.007 64.1 5.4 0.0008 0.0013 0.768
*okk

teased 0.092 0.015 65.4 9.6 0.0014 0.0016

Comparing the slopes of the Lineweaver - Burk plots there was no significant
difference between slopes using different substrates, indicating that the relationship of
the enzyme(s) to each of the substrates was similar (Table 6.10). However, the
difference between the slopes of the whole and teased colonies was just significant,

using both pNPP and 4-MUP.

Table 6.10 Comparison of slopes of Lineweaver - Burk plots of teased and whole colonies of Rivularia

biasolettiana using pNPP and 4-MUP, at pH 9.0

Substrate df p
whole pNPP : whole 4-MUP 11 NS
teased pNPP : teased 4-MUP 11 NS
whole pNPP : teased pNPP 10 *

whole 4-MUP : teased 4-MUP 10 *
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6.33 pH spectrum

Using both substrates, the phosphatase activity of Rivularia biasolettiana shows
a similar response to pH with maximum activity between pH 10.0 - 11.0 (Fig. 6.7).
pH spectra were taken during the long-term field study; generally showing a similar
pattern, though the activity was slightly different probably due to differences in the

environment in which the organisms were growing.
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Fig. 6.7 pH spectrum of phosphatase activity of whole Rivularia biasolettiana colonies using 250

UM pNPP and 250 uM 4-MUP (y axis), and 1 uM 4-MUP (yy axis) (n=4)

6.4 Summary

In Calothrix parietina D550 the oldest culture (28 day) showed the highest rate
of activity at 1500 uM pNPP and 500 uM 4-MUP. Rivularia biasolettiana colony
sizes did influence the rate of phosphatase activity with larger colonies (9-10 mm)
showing much higher rates of activity than any of the smaller colonies at pH 9 and 10.3
though at pH 7.6 there was little difference. Teasing Rivularia colonies made the rate
of activity significantly higher, at 250 pM pNPP and 4-MUP. pNPP gave a
significantly higher activity than 4-MUP in both teased and whole colony experiments
but this was not the case for experiments using different sized colonies or pH spectra.

Highest Vg values were in 14 d cultures of Calothrix parietina D550, using

both substrates. K, appeared to increase with age using pNPP and decrease with
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age using 4-MUP. There may have been apparent negative cooperativity in 7 day
cultures using 4-MUP. Whole colonies of Rivularia may also have shown apparent
negative cooperativity but using pNPP rather than 4-MUP. Teased colonies showed
higher activity at all substrate concentrations, higher V;,4x and generally a higher Ky.
Vmax, using both substrates, was at least one order of magnitude higher in Calothrix
parietina D550 than in Rivularia biasolettiana, although K;, values were similar,
especially when comparing whole colonies of R. biasolettiana with 7 day Calothrix
parietina D550 cultures.

Both freshwater organisms showed higher affinity for 4-MUP, both in terms of
Km and Viax/Kmp, than pNPP.  Both organisms showed maximal phosphatase
activity between pH 9.5 - 11 in both substrates at all concentrations tested and higher

activity in 4-MUP than pNPP at higher pH.
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CHAPTER 7
EXPERIMENTAL STUDIES ON TYNE SANDS ORGANISMS

7.1 Introduction

The long-term field study at Tyne Sands indicated differences between the
phosphatase activity of the organisms using pNPP and 4-MUP (see 5.52). The aim of
this chapter was to carry out more detailed experiments on the marine organisms to
investigate these differences.

From the field study phosphatase activity appeared to be highest July - October
(1992 and 1993) for all the organisms, although maximum activity varied between
organisms and substrates. Field material was collected in July 1994, in order that
phosphatase activity would be high, however, environmental phosphorus levels were
high (see 7.2 and 7.3).

An axenic culture originating from Tyne Sands, Dichothrix D861, was grown in
controlled conditions and used as a comparison. Because the substrates were assayed
at 2 different pH in the long-term field study (10.3, pNPP and 7.6, 4-MUP), a pH
spectrum was carried out (see 7.23 and 7.33). An intermediate pH to the long-term
field study, pH 9.0, showing near optimal activity, was chosen for the more detailed

studies (as in Chapter 6).

7.2 Axenic culture: Dichothrix D861 and field community: ""Dichothrix"

Dichothrix was isolated from rock at the edge of R9, Tyne Sands (see 5.4).
Once isolated, the culture became D861 in the Durham Culture Collection. Because
Dichothrix D861 and the "Dichothrix" community originated from the same area, one
being axenic the other a field population, the results are presented together in this
section.

Since Dichothrix D861 did not show phosphatase activity until 3 weeks after
subculture and material appeared unhealthy after this age, experiments were carried out
3 weeks after subculture (see 2.32). However, due to a shortage of material only 1

sample was used. "Dichothrix" community material was collected the day before
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these experiments. The level of phosphorus in the pool on the day of collection

(18.7.1994) was 19.5 pg 1-! inorganic P (57.4 pg 1! total phosphorus) which was high

and may have influenced the low phosphatase activity of the community (see 1.341).

7.21 Time course

Time courses were used to compare rates of activity in the two organisms using
both substrates. The higﬁest substrate concentrations were used to check that there
was no enzyme saturation during the assay. Using both pNPP and 4-MUP the rate of
phosphatase activity in homogenised Dichothrix D861 and the "Dichothrix"

community was linear (Fig. 7.1).
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Fig. 7.1 Time course of phosphatase activity of Dichothrix D861 and the "Dichothrix" community

using 1500 pM and 700 uM pNPP ("Dichothrix" community only) and 500 pM and 1000 pM 4-MUP

("Dichothrix" community only), at pH 9.0
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The rates of activity of Dichothrix.D86l and the "Dichothrix" community were

significantly different (p < 0.010) using both substrates (Table 7.1). Dichothrix D861

had a higher rate of activity than the "Dichothrix" community, 17 times higher using

1500 uM pNPP (at 0.052 umol pNP ug chl a-! after 30 min), and nearly 5 times higher
(at 0.027 pmol 4-MU pg chl a! after 30 min) using 500 uM 4-MUP (Fig. 7.1).

Table 7.1  Comparison of phosphatase activity using 1500 uM pNPP and 500 uM 4-MUP between

Dichothrix D861 and the "Dichothrix" community

Organism and substrate concentration df p
Dichothrix : "Dichothrix" community 1500 uM pNPP 10 *kx
Dichothrix : "Dichothrix" community 500 uM 4-MUP 10 ok

The rate of activity of the "Dichothrix" community was significantly higher using
1500 uM pNPP than 700 uM. Using 4-MUP there was no significant difference in the
rate of activity using 1000 uM to that using 500 uM (Table 7.2). This suggests a

kinetic difference between the two substrates.

Table 7.2  Comparison of phosphatase activity of the "Dichothrix" community using 1500 to 700 uM
pNPP, and 1000 to 500 uM 4-MUP

Substrate comparison df p

"Dichothrix" community 1500 : 700 uM pNPP 10 *kok

"Dichothrix" community 1000 : 500 uM 4-MUP 10 NS
7.22 Substrate concentration

The kinetic parameters of Dichothrix D861 and the "Dichothrix" community are

very different with Dichothrix showing higher activity at all substrate concentrations
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with both substrates (Fig. 7.2). The Lineweaver - Burk plots (Fig. 7.2) of Dichothrix

D861 and the "Dichothrix" community were linear.
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Fig. 7.2 Lineweaver - Burk plot of Dichothrix D861 and the "Dichothrix" community using pNPP
and 4-MUP, at pH 9.0 (n = 4 "Dichothrix" community only)

The Vipax of Dichothrix D861 using pNPP was slightly higher than using 4-
MUP, the K;; was 5.5 times higher using pNPP and the ratio Vyax/Km was nearly
five times higher using 4-MUP, suggesting that the phosphatase enzyme(s) in this
organism have a higher affinity for 4-MUP than for pNPP (Table 7.3). Although the
overall activity was much lower, the "Dichothrix" community gave a similar response
to the two substrates, with higher affinity of the enzyme(s) to 4-MUP than pNPP. The
K;n was nearly 6 times higher using pNPP and the ratio Vpyqx/Ksy was 23 times
higher using 4-MUP.  However, the "Dichothrix" community, in contrast to

Dichothrix D861, showed a higher V4 using 4-MUP.
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Comparing the two organisms, Dichothrix D861 had a Vg nearly five times
higher and a Ky, five times lower than the "Dichothrix” community using pNPP.
Using 4-MUP the Vyuax of Dichothrix D861 was nearly twice as high and the Ky
again nearly 5 times lower than the "Dichothrix" community.. The ratio Vimax/Km
was 36 times higher using pNPP and 7.6 times higher using 4-MUP in the axenic
culture compared to the field community. The axenic organism had a higher affinity
for pNPP and probably more affinity for 4-MUP than the field community, at the time

of assay.

Table 7.3  Kinetic values for Dichothrix D861 and the "Dichothrix” community using pNPP and 4-
MUP, assayed at pH 9.0

Organism Vimax Km Vmax'Xm

pNPP  4-MUP pNPP  4-MUP pNPP  4-MUP

Dichothrix D861 0.076  0.068 21.3 39 0.0036 0.0174

"Dichothrix" community 0.016 _ 0.043 111.8  18.7 ~0.0001 0.0023

Comparison of slopes of the Lineweaver - Burk plots shows that Dichothrix
D861 showed significantly higher activity (p < 0.001, Table 7.4) than the "Dichothrix"
community. Using 4-MUP the situation was similar with Dichothrix D861 showing
higher activity (p < 0.001). However, there was no significant difference in either
organism when comparing the activity using pNPP to that using 4-MUP, suggesting

that the activity was similar in each organism using both substrates.

Table 7.4 Comparison of Lineweaver - Burk plots using pNPP and 4-MUP between Dichothrix
D861 and the "Dichothrix" community, assayed at pH 9.0

Organism and substrate df p

Dichothrix:: "Dichothrix " pNPP 12 *ok
Dichothrix:: "Dichothrix " 4-MUP 12 *okx
Dichothrix  pNPP: 4-MUP 12 NS

"Dichothrix " pNPP: 4-MUP 12 NS
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7.23 pH spectrum

Dichothrix D861 showed optimum activity (Fig. 7.3) between pH 9.0 - 11 using

250 uM pNPP (0.07 pmol pNP pg chl a-! h-1) and 250 uM 4-MUP (0.18 pmol 4-MU

| ug chl a-l h-1). At pH 9 activity was similar using pNPP and 4-MUP, however at
higher pH activity was higher using 4-MUP.

There was a high degree of variability in the "Dichothrix" community especially

at pH 7.5 using pNPP. Maximal activity was between pH 10.0 - 10.7 using pNPP

(0.007 pumol pNP pg chl a-! h'1) and using 4-MUP (0.016 umol 4-MU pg chl a'! h-l).

Above pH 9.0, and especially between pH 10 - 11, activity was higher using 4-MUP

than pNPP.
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Fig. 7.3 pH spectrum of phosphatase activity of the "Dichothrix" community (y axis) and
Dichothrix D861 (yy axis) using 250 pM pNPP and 4-MUP (n = 4 "Dichothrix” community only)

7.3 Field population: Rivularia atra and Ralfsia verrucosa
Rivularia atra and Ralfsia verrucosa were compared because they are potential
competitors, inhabiting the same area of the rock pools and probably competing for

nutrients. Both showed high levels of phosphatase activity though this fluctuated
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markedly during the year (see 5.52). Rivularia especially, showed marked differences
between the two substrates during the long-term field study. Samples for both
organisms were collected on the same day (29.7.1994) from R7 where Rivularia was
most abundant, however, it was not possible to collect enough samples for replicates to
be used. The long-term field studies had indicated that this was the time of year when
phosphatase activity in at least one of the substrates, was likely to be high. Inorganic

P levels in R7 were 7.3 ug 1-1 (total P was 51.1 pg 1-1) at the time of collection.

7.31 Time course
Whole and teased Rivularia colonies and Ralfsia material were.compared for rate

of phosphatase activity using 1500 uM pNPP and 500 uM 4-MUP (Fig 7.4). In all

cases the regression lines were linear.
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Fig. 74 Time course of whole and teased Rivularia atra colonies and Ralfsia verrucosa

phosphatase activity using 1500 pM pNPP and 500 uM 4-MUP, at pH 9
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Using pNPP, teased Rivularia colonies appeared to have the highest rate of
activity (0.008 umol pNP ug chl a'! in 30 min) and Ralfsia had the lowest rate of
activity (0.0029 umol pNP pg chl a-! in 30 min), Fig. 7.4. However, comparison of
slopes showed that there was no significant difference between the rate of activity in
whole or teased Rivularia but there was a significant difference (p < 0.010) in the rate
of activity between Ralfsia and both types of Rivularia colonies (Table 7.5). Using 4-
MUP, there was no difference in the rate of activity in any of the three types of

material.

Table 7.5  Comparison of phosphatase activity using 1500 pM pNPP and 500 uM 4-MUP between

whole and teased Rivularia atra colonies, and Ralfsia verrucosa

organism and substrate df D
Rivularia teased : whole pNPP 10 NS
Rivularia teased : whole 4-MUP 10 NS
Ralfsia pNPP  : teased Rivularia pNPP 10 Hokok
RalfsiapNPP . whole Rivularia pNPP 10 *
Ralfsia &-MUP : teased Rivularia 4-MUP 10 NS
Ralfsia 4-MUP : whole Rivularia 4-MUP 10 NS

7.32 Substrate concentration

Kinetics experiments were used to investigate further the differences between the
two substrates, as well as the differences between the phosphatase activity of Rivularia
and Ralfsia. Rivularia showed a higher rate of activity than Ralfsia at all substrate

concentrations tested (Fig. 7.5).
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Fig 7.5 Lineweaver - Burk plot of Rivularia atra and Ralfsia verrucosa using pNPP and 4-MUP
(Rivularia only), at pH 9.0

The Vinax of Rivularia using pNPP was nearly double that using 4-MUP (Table
7.6). The K;, was over 30 times larger using pNPP and the ratio of Vyyqx /Ky, was
20 times larger using 4-MUP. Although the maximum activity was higher using
pNPP, the affinity was much higher with 4-MUP. The Vyqx of Ralfsia was 5 times
lower using pNPP than in Rivularia. The Kj; and the ratio Vpgx /Ky was
approximately half that of Rivularia. Ralfsia had lower maximum activity than

Rivularia, though it had apparently higher affinity for pNPP than Rivularia.

Table 7.6  Kinetic values for Rivularia atra and Ralfsia verrucosa using pNPP and 4-MUP

Organism Vimax Km Vimax/Km
pNPP  4-MUP pNPP  4-MUP pNPP 4-MUP
Rivularia atra 0.0121 0.0077 67.8 2.14 0.00018  0.0036

Ralfsia verrucosa 0.0024 39.8 0.00008
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There was no significant difference between Lineweaver - Burk plots comparing

Rivularia using either substrate or comparing Rivularia to Ralfsia using pNPP.

7.33 pH spectrum

Both organisms showed optimum activity between pH 10 - 11, using both
substrates at 250 uM (Fig. 7.6). Above pH 10 the phosphatase activity of Rivularia
was higher using 4-MUP than using pNPP. The phosphatase activity of Ralfsia was
similar using both substrates. Rivularia showed higher phosphatase activity at all pH

except pH 8.5, where activity was similar in both organisms using both substrates.
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7.4 Summary

Dichothrix D861 showed a much higher rate of activity using both substrates
than the "Dichothrix" community. Unlike Rivularia biasolettiana, teased colonies of
R. atra did not show significantly higher activity than whole colonies. Ralfsia showed
a significantly lower rate of activity than either teased or whole Rivularia colonies
using pNPP.

All the organisms tested had a lower Ky, using 4-MUP than pNPP. pH spectra
showed that organisms which had a higher Vy;4x and a higher rate of activity in the
time course, generally had higher activity in the pH spectrum. In Dichothrix D861,
the "Dichothrix" community and whole Rivularia atra colonies, activity was higher

using 250 pM 4-MUP than 250 uM pNPP at higher pH.
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CHAPTER 8
GENERAL DISCUSSION

8.1 Introduction
The study was undertaken to test key features of environmental chemistry,
especially phosphorus, in order to find out if the phosphatase activity of Rivularia is
important in its ecology. The study has shown that Rivularia from each site shows
some differences (Table 8.1) which relate to differences in the environmental
chemistry of the two sites (Table 8.2). Each site is considered separately (sections 8.2,

8.3) and then compared (section 8.4).

8.2 Red Sike

High phosphorus concentrations occur in spring at Red Sike, although they
remain low for most of the rest of the year (Fig. 4.6). The relative proportions of
organic P during this spring peak differed from Livingstone and Whitton (1984). The
present study found the spring peak was largely inorganic P. However, organic P
probably originates from the peat at this time of year (Livingstone & Whitton, 1984,
and present study Fig. 4.10, 4.12), but nothing is known of how this is transferred to
the stream or to what extent it includes true organic molecules. The difference
between the findings of the present study and the previous one, is perhaps related to
filtration methods. The previous study used GF/C filters whereas the present study
used GF/F filters. However, Fig. 4.9 shows that there is no significant difference
between the two filter porosities (1.2 pm and 0.7 pum) in the concentration of organic P
from bog pool water. It is also unclear to what extent the organic P present is
hydrolysed by the phosphatase activity. Rivularia biasolettiana is effective at
hydrolysing the two artificial substrates tested, and kinetic studies on colonies indicate
that it can do this effectively over a wide substrate range. The non-linear double
reciprocal plots of phosphatase activity in whole R. biasolettiana colonies (Fig. 6.6)
and 7 d Calothrix parietind D550 (Fig. 6.2), may be the result of two or more reactive
sites on the same enzyme; showing apparent negative cooperativity (Cadenas, 1978),

although further work would be needed to demonstrate this. ~Apparent negative
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cooperativity was also found in two species of Gelidium (Herndndez et al., 1995),
Zostera noltii (Hernandez et al., 1994) and in the dinoflagellate Pyrocystis noctiluca
(Rivkin & Swift, 1980), the ecological significance of this is discussed (see 8.4). The
Rivulariaceae as a whole tend to be among the cyanobacteria showing the highest
phosphatase activity (Whitton et al., 1991).

The formation of hormogonia by Rivularia biasolettiana in spring, followed by
many small new colonies 1-2 months later (Fig. 4.16), is probably as a response to the
higher phosphorus concentrations in the water.  Hormogonium formation in
Rivulariaceae is brought about by the addition of phosphorus to phosphorus-limited
trichomes (Livingstone & Whitton, 1983). In view of the fact that phosphatase
activity of stream epilithon is known to be influenced by the ambient N : P ratio (Klotz,
1992), it is surprising that activity of R. biasolettiana in Red Sike shows only a
moderate fall in spring when the colonies are sufficiently released from phosphorus
limitation to form hormogonia (Fig. 4.18). This is perhaps because not all trichomes
form hormogonia (Fig. 4.16) or because extracellular enzyme immobilised in the
mucilage may persist.

The results for Red Sike show some similarities with results for streams
elsewhere in northern England with abundant R. haematites (Pentecost, 1987). These
showed high ambient N : P (based on results for nitrate) and higher phosphorus in
winter than summer of which more than 85 % phosphorus was organically bound.
Colony formation was reported to start in April.

In view of the fact that Rivularia is a N fixer, R. biasolettiana might be expected
to dominate sites where the ambient N : P ratio is low; however, the ratio tended to be
high for most of the year in Red Sike (compare Fig. 4.6 with Fig. 4.7) and the streams
studied by Pentecost (1987). N fixation rates of R. biasolettiana from Red Sike,
assayed in June have been found (Livingstone et al., 1984) to be low and it was
suggested that, in spite of being a N3 fixer, colonies may depend on combined nitrogen
for most of their nitrogen supply. However, the original theory is modified on the
basis of these results to suggest that R. biasolettiana probably undergoes marked

differences in nitrogen and phosphorus limitation throughout the year. Very new, fast
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growing colonies formed in spring following a period of phosphorus uptake, are
probably nitrogen limited and likely to show high rates of N fixation. The ambient N
: P ratio was reduced in spring at times when the ambient phosphorus was higher
(compare Figs 4.6 and 4.7) and small colonies are known to show higher rates of Nj
fixation than large colonies (Livingstone et al., 1984). During the rest of year, the N :
P ratio was high. R. biasolettiana colonies are probably fairly long-lived.

The key ecological advantage of N fixation for R. biasolettiana in Red Sike may
therefore be to enhance the nitrogen supply and hence the growth rate for a period in
late spring, rather than the whole yeéar. During the summer period with favourable
temperatures for growth, but very low ambient phosphorus, the trichomes revert to
marked P limitation, with long hairs and high phosphatase activity. (Phosphatase
activity in R. biasolettiana showed a positive correlation to % hair using pNPP.
Temperature was positively correlated to % Rivularia, see Appendix iii.)  This

condition presumably persists in most cases until the next spring.

8.3 Tyne Sands

The large masses of drift Laminaria and other algae deposited at Tyne Sands at
the extreme high tide level are potentially an important contributor of nutrients to the
upper part of intertidal zone (Figs 5.2, 5.3). However, the very low N : P ratios of
water in adjacent pools suggest that much of the nitrogen is lost to the atmosphere.
This certainly occurs in warm weather as release of ammonia, but perhaps also by

denitrification.

Phosphorus concentrations and ratios of inorganic P to organic P in the weed
pools, Rivularia pools and seawater were all broadly similar to those found in 1981
(compare Khoja et al., 1984 to Table 5.4), with the exception that less of the phosphate
in the weed pools was organic. A possible explanation is because filtration for the
early study was carried out using a GF/C filters rather than a GF/F filters (1.2 v. 0.7
um porosity). Fig. 5.7 shows significant differences between the phosphorus

concentrations of weed pool water filtered using different porosity filters.  This
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suggests that the phosphorus may include not only molecules in true solution, but
larger materials.

The water in any particular Rivularia pool is probably largely replaced each time
the pool is covered by an incoming tide. This water must be seawater mixed with
water derived from pools further down the eulittoral initially; then, subsequently by
water from the weed pools as the tide retreats. This is almost certainly the reason for
the March peak in inorganic P in the Rivularia pools (Fig. 5.2) as it combined high
tides with high cqncentrations of nutrients in the weed pools. High tides in June were
at least 0.6 m lower so that although nutrient concentrations in the weed pools were
maximal, only Rivularia pools (R1 and R4) which received direct drainage from the
weed pools, showed similar peaks in inorganic P.

On average, Rivularia pools had phosphorus concentrations more or less similar
to seawater in the adjacent bay, yet had much lower concentrations of inorganic
nitrogen than seawater (Table 5.4), giving a very low N : P ratio. The most plausible
explanation is that submerged algae remove nutrients very rapidly as the water in the
pools is replaced, with this effect perhaps being especially pronounced for the most
limiting nutrients: NH4-N and NO3-N.

Pool chemistry is certainly very dynamic, at least in warm weather. Both Khoja
et al. (1984) and the present study found marked increases in organic P in Rivularia
pools during intertidal studies (Fig. 5.4). The most p1>ausible explanation is that this
results from animal activity, grazing and excretion, and/or release from Fucus spiralis.
The most consistent increase in organic P during the two studies, occurred in RS, the
smallest of the Rivularia pools and thus with the highest cover of Fucus spiralis per
unit volume. Any inorganic nitrogen released at the same time as organic P, was
presumably taken up rapidly by algae in the pools, as nitrogen was hardly detectable
during these studies (Table 5.5). Another study on the phytoplankton community and
nutrients during two periods of tidal isolation, oile in August the other in October,
found nitrate, nitrite and benthic micrograzers decreased significantly during the period
of tidal isolation in August (Metaxas & Scheibling, 1994), indicating that these

nutrients may be very limited and utilised quickly. Nutrient concentrations, especially
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nitrogen, being less in the Rivularia pools than either the weed pools or the seawater,
may be accounted for by biological activity. Further studies are needed on nutrients
concentrations, including organic nitrogen, during a tidal cycle, especially in summer
when the larger differences appear to occur, in order to quantify the large variability
that tidal cycles cause on the environment.

This explanation of pool chemistry dynamics poses a further problem. There
would be a net loss of phosphorus from the pool ecosystem if organic phosphorus
enriched water is removed by each incoming tide, without some compensating input of
phosphorus; perhaps animals which graze algae outside the pool excrete nutrients after
return to the pool, or perhaps the water is not mixed completely, below certain tide
heights (e.g. 5.0 m). Table 5.6 shows that the organic P concentration in RS and R6 is
twice as high as seawater, directly following a 5.0 m tide.

A striking result of the phosphatase studies is that activity assayed with pNPP
showed peaks in all the pools 1 - 2 months earlier than activity assayed with 4-MUP
(Figs 5.11, 5.12). As a similar effect occurred in all the pools and with both
concentrations of 4-MUP, this suggests a real difference in the phosphatase activity.
The combined period of the two peaks corresponds to the period when the outermost
trichomes were hairy. The presence of hairs suggests that the colonies were clearly
phosphorus limited (Whitton, 1987a; 1991) during the periods when pNPP or 4-MUP
were hydrolysed most actively. However, the greater affinity for 4-MUP than pNPP
shown by all organisms in the kinetic studies (Tables 6.2, 6.9, 7.3 and 7.6), may mean
that the switch in substrate response may reflect increased phosphorus limitation in R.
atra. The fact that use of Spearman's rank correlation indicated greater similarity
between pools when using 4-MUP (Table 5.13, 5.14) rather than pNPP (Table 5.12) as
substrate also suggests that results with the former may reflect conditions when
phosphorus limitation was more severe. The practical implication for phosphatase
studies is that neither substrate alone is sufficient to assess the extent of phosphorus-
limitation of this cyanobacterium.

The low N : P ratio in water of the Rivularia pools suggests an obvious

advantage for a Np-fixer. Nevertheless this is the only N»-fixing phototroph in pools
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of the Rivularia zone, although crust-forming N»-fixing Rivulariaceae do occur on
surfaces adjacent to R9 and dense populations of purple phototrophic bacteria (likely
N»-fixers) occur in some weed pools in hot weather. As even seawater adjacent to this
shore has a relatively low N : P ratio (inorganic nitrogen : total P = 1.19 by weight),
N»-fixing organisms might be expected to be widespread further down the eulittoral.
Measurements are needed of filtrable organic nitrogen to assess whether this fraction
may be quantitatively important.

Elevated rates of nitrogenase activity were reported by Khoja et al. (1984) during
warm weather in late June and July and a single phosphatase measurement (assayed
with pNPP) at the same time also showed high activity. More detailed studies of N2
fixation by R. atra are required over the whole period June - October, when the
cyanobacterium appears to switch from a pNPP hydrolysing phosphatase system to a
4-MUP hydrolysing system, perhaps reflecting increasing P limitation.

If pool chemistry is so dynamic, the question arises whether the changes within
some individual tidal cycles may be so large that they override the potential biological
effects of annual changes observed by sampling at one particular time in the cycle.
However, the fact that there were broadly similar patterns of change in phosphorus
concentration and R. atra phosphatase activity in the summers of both 1992 and 1993,
shows the importance of studies throughout the year. Nevertheless more detailed
studies of changes in pool chemistry throughout the period they are uncovered by the
tide should be a priority for study, particularly a comparison of pools exposed for

differing numbers of tidal cycles.

84 Comparison between Red Sike and Tyne Sands

Phosphorus is known to affect the morphology of Rivulariaceae (Livingstone &
Whitton, 1983). Table. 8.1 compares features of Rivularia biasolettiana and R. atra.
Both species are abundant for much of the year. R. biasolettiana is dominant whereas
R. atra is more seasonal, partly as a result of differences in chemistry at Red Sike and
Tyne Sands as well as differences in longevity of the two species. The larger colonies

of R. biasolettiana are likely to be longer lived.
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Comparison of features of Rivularia biasolettiana at Red Sike to R. atra at Tyne Sands

Features of Rivularia

Rivularia biasolettiana at Red

Sike

Rivularia atra at Tyne Sands

Rivularia presence
Hair

Hormogonia

Colonies size and longevity

N7 - fixation

Phosphatase activity
Substrate range
Affinity (pNPP vs. 4-MUP)
Comparison with cultures

Effect of teasing colony

dominant

colonies hairy (hair long)

a few % of trichomes, mainly in
early spring after pulse of
inorganic P

large (generally =2 mm)
long-lived > 1 year

low

active most of year

apparent negative cooperativity
4-MUP higher
axenic higher

significantly higher activity

abundant
restricted to summer, mainly
> 50 % of trichomes after

increase in inorganic P

small (generally < 2 mm)
survive < 1 year

high

restricted to summer, mainly
linear

4-MUP higher

axenic higher

no significant difference

Hormogonia formation in R. atra population appears to be much less seasonal

than in R. biasolettiana (Whitton et al., in press).

Hormogonia were present in

colonies of R. atra February - June. Many small new colonies were hairy (Fig. 1.5) 4
- 6 weeks after the summer peak in phosphorus (Fig. 5.2), probably as a result of active
growth combined with a decrease in phosphorus concentrations once new colonies
became visible.

At Tyne Sands inorganic P was negatively correlated to R. atra abundance,
suggesting that colonies were rare when inorganic P was high, and that when inorganic
P was low, colonies were more abundant (Fig. 5.8). Production of hormogonia by
phosphorus deficient Rivulariaceae after addition of inorganic P, was shown by
Livingstone and Whitton (1983). The resulting increase in R. atra abundance was
visible some weeks later. By the time these new, abundant colonies became visible,
inorganic P levels had dropped. These small new colonies were presumably growing
fast and became phosphorus deficient, hairy and with pronounced phosphatase activity.

These phosphorus deficient characteristics were positively correlated with one another

and negatively correlated with colony diameter, chlorophyll a and hormogonia
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showing that it was probably the larger, rarer colonies, with more chlorophyll which
produced hormogonia. At Red Sike % cover of R. biasolettiana increased a few
weeks after hormogonia had been seen in colonies (Fig. 4.16), at a similar time to the
spring phosphorus peak in the stream (Fig. 4.6). The inorganic P peaks at both sites
are probably important in the regeneration of the Rivularia population.

The chemical features of the two sites are compared in Table 8.2. At Red Sike
inorganic P (Fig. 4.6) was usually very low and phosphatase activity, with all
substrates, was high (Fig. 4.18, Table 8.1). At Tyne Sands inorganic P was always
detectable (Fig. 5.2) and phosphatase activity was usually very low (Figs 5.11, 5.12),
with occasional peaks after a peak in inorganic P, during maximum growth. Other
studies as well as the present study have found a negative relationship between
phosphatase activity to inorganic P in the environment (Velduis et al., 1987;
Herndndez et al. 1995). As well as being correlated to the morphological features of
Rivularia indicating phosphorus deficiency (hair and hair length), phosphatase activity
was correlated to temperature or Rivularia abundance (Appendices iii, iv). At both
sites organisms were phosphorus limited predominantly during the growth period,

when light and temperature were higher.

Table 8.2  Comparison of chemical features at Red Sike to those at Tyne Sands (Rivularia pools)

Chemical variable Red Sike Tyne Sands Rivularia pools
Total P often below detection never below detection
Inorganic P in peak large component of peak large component of peak
Organic P larger proportion of total P at larger proportion of total P at
other times of year other times of year
N:P largely above Redfield ratio largely below Redfield ratio
Nitrogen never below detection, often below detection,
mostly NO3-N mostly NO3-N

Freshwater organisms showed non-linear enzyme kinetics with one or other
substrate (see 8.2). This may be because these organisms were subjected to greater

differences in phosphorus deficiency and substrate concentration than the marine
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organisms. This enzyme system would maintain a constant phosphorus supply,
regardless of substrate concentration (Burns & Beever, 1977; Hernandez et al., 1995).

Khoja et al. (1984) suggest that the phosphatase activity of Rivularia atra is a
competitive advantage in this environment but Ralfsia verrucosa (present study) and
Fucus spiralis (1. Hern4andez, pers. comm.), which is located around the edge of the
pools, also showed marked phosphatase activity. Phosphatase activity in Ralfsia
verrucosa was generally lower than Rivularia atra (Figs 5.14, 5.15) and the enzyme
features appeare'd more competitive in R. atra (Table 7.6). So R. atra may have been
at a competitive advantage in terms of phosphatase activity, but the organisms in the
Rivularia pools at Tyne Sands were more likely to be nitrogen limited than phosphorus
limited on most of the sampling occasions throughout the study (compare Figs 5.2 and
5.3). Cyanobacteria are well known for theif high nitrogen fixation rates and possible
source, through leakage (Stewart, 1963), of nitrogen in the eulittoral (Hiibel & Hiibel,
1974; Reed & Stewart, 1983; Wallentinus, 1991). Other studies have found marine
coastal systems to be primarily nitrogen limited with an N : P ratio of approximately
3:1 (Jones & Stewart, 1969; Schramm, 1991; Dickman et al., 1993; Delgado &
Lapointe, 1994; Chopin et al., 1995). At Tyne Sands nitrogen fixation by Rivularia
was found to be Very high (Khoja et al., 1984). Khoja et al. (1984) suggest that this
was due to the high phosphorus concentration in the pools at Tyne Sands. It is
suggested that the high rates of nitrogenase activity found by Khoja et al. (1984) were
actually the result of the low combined N in this environment rather than the high P.
Mallin (1994) found that nitrogen was the principal limiting nutrient in North Carolina
estuaries, but as with the present study, phosphorus was occasionally co-limiting.

At Red Sike it is the phosphatase activity of Rivularia that is important for most
of the year. However, nitrogen fixation may be important on the rare occasions when
N : P ratio may fall below the Redfield ratio or, as suggested by Fong et al. (1993)
when combined nitrogen was < 270 ug 1-! (Fig. 4.7).  The levels of nitrogenase
activity by R. biasolettiana at the Red Sike (Livingstone et al., 1983) were found to be
very low which, they suggested, was because the levels of combined nitrogen during

the study were high. R. biasolettiana was probably obtaining nitrogen from combined
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sources, for most of the year, rather than fixing it, but the present study suggests that
nitrogen may be limiting also, at times. A study by Diaz and Pedrozo (1993) also
suggest that although algae in an oligotrophic lake in the southern Andes were
primarily phosphorus limited, nitrogen was also likely to be limiting during
intermittent periods.

Generally, with both substrates, axenic organisms showed a slightly higher
affinity for substrate, though younger cultures showed more similarity to field
organisms (Tables 6.2,>6.9, 7.3 and 7.6). This suggests that field organisms were less
phosphorus deficient than the fast growing axenic cultures which use up phosphorus
sources very quickly. Culture studies of Rivulariaceae without combined nitrogen in
the medium show that these organisms are able to withstand both nitrogen and
phosphorus deficiency for a period of time, but it is the inclusion of inorganic P in the
medium that allows the population to grow actively (Livingstone & Whitton, 1983).
Although nitrogen fixation may be advantageous in a low nitrogen environment,
growth rates of Anabaena flos - aquae were lower under nitrogen fixing conditions
(Thompson et al., 1994).

Clearly the interrelationship of phosphorus and nitrogen deficiency is complex,
but at Tyne Sands where phosphorus is not often limiting, Ny fixation is probably
important but at Red Sike N fixation is probably rare while phosphatase activity is
important. These results indicate that the energetic priority is for the most limiting
nutrient for most of the year, but for a period of time another limiting nutrient can be

tolerated.

\

8.5 Concluding remarks

Both sites were subject to phosphorus limitation at some time. At Red Sike
phosphorus was limiting for most of the year and the phosphatase activity of Rivularia
was high. However, at Tyne Sands phosphorus was limiting only intermittently, when
peaks in phosphatase activity occurred, but nitrogen was predominantly limiting. It
seems that heterocystous forms of Rivulariaceae may occur at sites were either
phosphorus or nitrogen is predominantly limiting and where the second nutrient may

be occasionally limiting.
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SUMMARY

1. A study of the relationship between phosphatase activity of Rivularia colonies,
morphology and population dynamics to phosphorus fractions in the environment, was
carried out at two sites: one was an upland freshwater stream in Upper Teesdale, Red
Sike; the other was pools in the upper eulittoral of a North Berwickshire bay, Tyne

Sands.

2. Rivularia biasolettiana and water samples were taken from one place in the
stream at the freshwater site. Water samples were taken from 4 pools associated with
decomposing seaweed (W1-4) covered by tides > 4.9 m, 9 pools containing R. atra
(R1-9) covered by tides > 4.5 < 4.8 m, where R. atra colonies were also collected, and
seawater. R9 was reached by tides 2 5.2 m. R9 contained the "Dichothrix”

community on the rock above the pool and was at the far end of the site, as was W1.

3. Although the magnitude of the maxima varied from year to year, total P was
maximum in March - May at the freshwater site and in June - July in the weed pools at
the marine site; 1992 - 1994. In both these locations, the stream and the weed pools,
inorganic P was the largest fraction. Only R1 and 4, probably receiving direct
drainage from the weed pools, showed a peak in total P (largely inorganic) at this time.
At other times, phosphorus concentrations were often near to detection limits at the

freshwater site, but not at the marine site.

4. However, the Rivularia pools generally showed a higher peak in inorganic P in
March 1993 which was associated with very high tide heights as well as high
concentrations of inorganic P in the weed pools. Rivularia pools had generally lower
concentrations of inorganic P than the weed pools and had a higher proportion of

organic P, especially in the summer months.
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5. Two tidal studies showed increasing organic P concentrations in summer during
a tide that reached all the pools studied (5.2 m) and a tide that reached none of the

pools (4.3 m).

6.  Samples taken immediately the pools were uncovered by the high tide, 5.0 m in
June 1994, showed fnorganic P concentrations were high in the weed pools, but were
only higher than seawater in R1 and R9. However, organic P was generally higher in

the Rivularia pools than seawater.

7.  Following seaweed (Laminaria) deposition in R7 inorganic P, which made up the

larger proportion of total P, was over 1000 pg I-1.

8. At the freshwater site in spring, total P was generally higher, approximately 50 %

was organic P, in pools on top of the bog (bog pools) than in the stream or spring.

9.  During a day long study in spring at three locations at Red Sike, the first spring-
water sample contained more than 3 times the phosphorus concentration of any other

sample during the day. It was nearly all inorganic P.

10. At the freshwater site unfiltered water from bog pools contained significantly
higher total P than filtered bog pool water. At the marine site there were significant
differences between phosphorus concentrations from unfiltered water and water

filtered through three types of filters in weed pool water.

11. Nitrogen showed a similar pattern to phosphorus with peaks of NH4-N and NO3-
N in April 1992 and March 1993 at the freshwater site.  Nitrogen was always
detectable. NO3-N was the larger component.

At the marine site, nitrogen also showed a similar pattern to phosphorus in the

weed pools, with NH4-N the larger component. However, NO3-N was the larger
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component in all the Rivularia pools and showed a different pattern to that in the weed

pools. Nitrogen concentrations in the Rivularia pools were often very low.

12. At the freshwater site trichomes of Rivularia biasolettiana colonies were always
hairy > 90%, with some hormogonia (< 5 % of trichomes) occurring in April and May
1992 and February and March 1993. The % cover of R. biasolettiana in the stream
increased 1-2 months after hormogonia were seen in the colonies. At the marine site,
R. atra colonies often had hormogonia, especially June 1992 and February - June 1993.
Hairs were present from July - September 1992 and from July - October 1993. R. atra

abundance was greatest when inorganic P was below 100 pg 1-1.

13. Inorganic P showed a negative influence on water phosphatase activity in all
substrates at both sites and was significant using 250 pM 4-MUP at the marine site.
At both sites the phosphatase activity of filtered water was positively correlated to

temperature.

14. Phosphatase activity of R. biasolettiana colonies (5-7 mm) was high throughout
the year, dipping slightly when hormogonia were found in the colonies at the
freshwater site. At the marine site, phosphatase activity of the R. atra colonies was
generally low, although there were peaks in July/August using pNPP and

September/October using both concentrations of 4-MUP, especially in 1992.

15. Using pNPP phosphatase activity of Rivularia colonies was always higher than

using 4-MUP at the freshwater site, but this was not the case at the marine site.

16. Phosphatase activity of Rivularia colonies was negatively correlated to inorganic
P and salinity, at the marine site. Temperature (not at Red Sike) and percentage of
filaments with hairs and/or hair length was positively correlated to phosphatase activity

of the colonies at both sites.
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17. Ralfsia verrucosa phosphatase activity was positively correlated to organic P,

and negatively correlated to TIN : inorganic P and salinity using 4-MUP.
18. The "Dichothrix" community showed a peak in phosphatase activity in all

substrates in October 1992 and 1993. Activity was negatively correlated to salinity

using 250 uM 4-MUP.

19. During kinetic experiments, all axenic organisms showed higher phosphatase

activity than field organisms.

20. The Ky, was lower using 4-MUP than pNPP in all organisms tested.

21. The freshwater organisms (Calothrix parietina D550, and Rivularia

biasolettiana) both showed apparent negative cooperativity with one substrate.

22. Teased colonies of R. biasolettiana showed significantly higher activity than

whole coloniecs. However, this was not the case with R. atra.

23. Larger colonies (> 9 mm) of R. biasolettiana had a significantly higher rate of

activity than smaller colonies (< 9 mm) above pH 9.0.

24. The relationship of the morphology and phosphatase activity of Rivularia is

discussed in relation to its ecology.
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APPENDICES

i Uptake of product by Rivularia biasolettiana colonies
Absorbance (pNP) or fluorescence (4-MU) readings with colonies in product compared
to product without colony (control). 100 umol 4-MU reading after 101 x dilution.

174

100 pmol 1"l control 100 pmol I'1 ~ control 0.5umol1-1  control
pNP 4-MU 4-MU
1.491 1.595 84 69 29 30
1.590 1.591 80 81 30 31
1.553 1.607 86 99 29 29
1.574 1.592 76 52 29 30
NS NS NS

ii Calibration curves

Freshwater pNP calibration curve using Chu 10D assay medium

y =0.017x - 0.002 1% =0.999
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pNP calibration using Chu 10D-50 - % ASP-6 medium

absorbance (405 nm)

2

1.5
y = 0.017x +0.002 12 =0.999
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Calibration curve of 4-MU using Chu 10D assay medium and Chu 10D - 50 % ASP-6

fluorescence

y = 57.2438x - 02791 r2 = 0.9994
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iii Correlation of variables from Red Sike
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Variable Positive correlation Negative correlation
*Hk *% *kk *x
absorbance (OD) Fe tot
Ca cond Mg, pH current, width
conductivity pH, Ca Mg, alk current, width
current speed width Mg, cond, Ca, alk | pH
Fe filt Fe tot
Fe tot Fe filt OD
inorganic P (P1)
Mg cond, Ca current width
Mn filt Mn tot
Mn tot Mn filt
NH4-N TIN, NO3-N
NO3-N TIN, NH4-N
organic P (Po) Pt TIN : Pt
% hair % hormogonia
% hormogonia % hair R250P
% Rivularia (% R) temperature
Rivularia phosphatase
250 uM pNPP (R250P) % hair Po hormogonia
250 uM 4-MUP (R250M) RIM
1 uM 4-MUP (R1M) R250M
pH cond Ca current
temperature % R
TIN : Pi TIN : Pt
TIN : Pt TIN : Pi Pt, Po
total alkalinity (alk) conductivity current width
total inorganic N (TIN) NO3-N, NH4-N
total P (Pt) Po TIN : Pt
water phosphatase activity
250 uM pNPP (W250P) W250M
250 uM 4-MUP (W250M) temp, W250P
1 uM 4-MUP (W1M) temp
width current Ca, cond alk, Mg




iv

Correlation of variables from Tyne Sands

177

Variable

Positive correlation

Negative correlation

Rivularia abundance (abun)

Chl a (in Rivularia colonies)
Colony diameter (diam)

Conductivity

Salinity

Temperature (temp)

Tide height (tide)

Weed deposits present (weed)

% Hair (%hair)

Hair length (hair leng)

Hormogonia (%horm)
Inorganic P (Pi)

Organic P (Po)

total P (Pt)

NH4-N

NO3-N

Total inorganic Nitrogen :

inorganic P (TIN : Pi)
pH

Ri 250M, TIN : Pi

Pi, Po, Pt, weed, diam

chl a, weed
pH, W250P

%horm, tide, weed

%hair, hair leng, Po, Pt, Ri250P,
Ri250M, Ra250M, RalM,
W250P, W250M, WIM

NH4-N, NO3-N, TIN : Pi,
salinity, weed

chl a, diam, salinity, tide,
Ra250M

temp, hair leng, Ri250P, Ri250M,
RilM

temp, %hair, Ri250P, Ri250M

salinity

chl a, Po, Pt, NO3-N

chl a, Pi, Pt, temp, Ra250M,
RalM, W250M, WIM

chl a, Pi, Po, temp, Ra250M,
RalM, W250M

TIN : Pi, Ri250P, tide

Pi, TIN : Pi, tide

NH4-N, NO3-N, tide, Ri250P,
abun

conductivity

Pi, Po, Pt

NH4-N, TIN : Pi, %hair, hair leng, Ri

250P, Ri250M, RilM

Johair, Ri1M

NH4-N, NO3-N, TIN : Pi

Pohair, hair leng, temp, Ri250P,
RigSOM, RilM, Ra250M, RalM,
W250M, W1M, D250M

%ohorm, NO3-N, salinity, tide

Yohair, Po, Pt, temp, Ra250M,
W250M, WIM

Yhair, Ri250M, Ri1M, W250M,
WIM

chl a, diam, %horm, NO3-N, tide,
salinity, weed

chl a, horm, salinity

%hair, hair leng, temp, Ri250M,
RilM

abun, TIN : Pi, Ri250P, Ri250M,
W250M

tide, abun, TIN : Pi

abun, TIN : Pi, tide, Ri250P

cond, chl a, WIM

cond, %hair, temp, W250M
chl a, cond, Pi, Po, Pt, Ri250M,
Ra250M, RalM, W250M
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iv  Correlation of variables from Tyne Sands (cont.)

Variable

Positive correlation

Negative correlation

Rivularia phosphatase
activity 250 uM pNPP
(Ri250P)

Rivularia phosphatase
activity 250 uM 4-MUP
(Ri250M)

Rivularia phosphatase

activity 1 uM 4-MUP (RilM)

ohair, hair leng, NH4-N, TIN :
Pi, temp, Ri250M, RilM,
W250P, WIM

abun, %hair, hair leng, temp,
Ri250P, Ri1M, Ra250M, RalM,
W250M, W1M, D250M

%hair, Ri250P, Ri250M,
Ra250M, RalM, WIM

chl a, Pi, Pt, salinity

chl a, %horm, Pi, TIN : Pi, salinity,

weed

chl a, diam, %horm, salinity, weed

Ralfsia phosphatase activity
250 uM pNPP (Ra250P)
Ralfsia phosphatase activity
250 uM 4-MUP (Ra250M)

Ralfsia phosphatase activity 1
uM 4-MUP (RalM)

Ra250M, RalM,

Po, Pt, temp, weed, Ra250P,
RalM, Ri250M, RilM, W250M,
WIM, DIM

Po, Pt, temp, Ra250P, Ra250M,
Ri250M, RilM, W250M, W1M,
D250P

TIN : Pj, salinity, tide

TIN : Pi, salinity

Filtered water phosphatase
activity 250 uM pNPP
(W250P)

Filtered water phosphatase
activity 250 uM 4-MUP
(W250M)

Filtered water phosphatase

activity 1 uM 4-MUP (W1M)

cond, temp, W250M, Ri250P

Po, Pt, temp, W250P, WIM,

Ri250M, Ra 250M, RalM

Po, temp, W250M, Ri250P,
Ri250M, RilM, Ra250M, RalM

DIM

Pi, NO3-N TIN: Pi, salinity, tide,

weed

NHy4-N, salinity, tide, weed

"Dichothrix" community
phosphatase activity 250 uM
pNPP (D250P)

"Dichothrix" community
phosphatase activity 250 pM
4-MUP (D250M)
"Dichothrix" community
phosphatase activity 1 uM 4-
MUP (D1M)

RalM

Di1M, Ri250M

D250M, Ra250M

salinity

W250P
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