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Philip Stanley SIMPSON 
PHOTOSYNTHESIS MID RESPIRATIOn IN ELODEA CANADSNSIS 1ITCHX 

Oxygen effects on photosynthesis end respiration in detached leaves 
of Elodea canadensis were determined over a range of conditions 
which the plant experiences in shallow water. Its photosynthesis was 
inhibited by 02 under all light, temperature, CO2 and pH conditions 
but this was not caused solely by accelerated dark respiration. These 
effects were comparable to those described in terrestrial C

3 
plants. 

The enhancement of ° inhibition of photosynthesis by high 02' pH and 
low CO2 suggests tha~ similar field conditions could lead to major 
losses in photosynthesis and might explain some of the biomass losses 
under still water conditions. Compared to the filamentous algae 
Cladophora glooerata and Spirogvra sp., its photosynthesis was impaired, 
especially at high pH and low CO2• It is thought that these algae ~y 
photosynthetically increase the pH and reduce CO2 so that they out
compete this vascular macrophyte. Such a consideration may help to 
explain the reduction in !. canadensis biomass in some nutrient rich 
water. 

Leaves of different insertion level showed distinct differences in 
photosynthesis, dark respiration and 02 inhibition of photosynthesis 
that appeared si~ilar to age-related pfienomena in terrestrial plants. 
Moreover, these patterns changed with season, in a manner that might 
be expected if age were contributing to these differences. The reduced 
inhibi tion in sup-ur:er apical leaves may be of especial relevance to the 
plant's carbon budget under high pH and low CO2 , since it implies 
reduced carbon loss through photorespiration. This is of benefit whether 
or not seasonal differences in photorespiration are caused by the 
relative youth of summer specimens or by environffiental triggers. 

Light saturation and compensation points of leaves were reduced in the 
winter and with low insertion level. Such a reduction sugcests light 
adaptation to both se~sonal and spatial ch~.nges in light avail abil i ty 
within a weed bed. The seasonal studies revealed little evidence of 
physiological dormancy in ~. canadensis but did indicate slight thern:al 
adaptation of photosynthesis in the summer which might permit the plant 
to make use of daytime temperature rises. 

The results of investigations suggest that N. canadensis is a plant 
that is flexible in its response to light availability yet inflexible 
in terms of temperature adaptation. It is also poorly adapted to 
competition for inorganic carbon sources. These aspects of physiology 
are discussed in relation to the ecology of the plant. 
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1 • INTRODUCTION 

This thesis is concerned with the photosynthetic and respirator,y 

pqysiology of Elodea canadensis, with respect to the environmental 

factors that may influence its perfor~~nce. The aquatic habitat, 

despite inferences to the contrary, can impose severe limitations 

on a submersed plant's photosynthesis. Various factors might 

interact to reduce its photosynthetic performance, in some instances 

through photorespiration. Therefore, in the Introduction I shall 

outline the process of photorespiration, factors that affect it, 

the aquatic habitat and its possible effects on photosynthesis 

and respiration, as well as possible methods of amelioration of the 

limitations placed upon submersed aquatic plants by the environment. 

Finally there will be an outline of the thesis aims and a brief plan 

of its format and contents. 

The Mechanism of Photorespiration 

Photorespiration is the light dependent 02 uptake and CO2 evolution 

that occurs primarily in photosynthetic tissues of higher plants which 

fix CO2 via the Calvin cycle, which is now referred to as the C3 
pathway of photosynthesis (Chollet and Ogren, 1975). It is explained . , ' 
metabolioally by glycolate biosynthesis in the chloroplasts, followed 

by its metabolism in the peroxisomes and mitochondria of leaves, the 

total sequence being termed the glycolate pathway (Tolbert, 1971). 

Various phenomena are interpreted as evidence for the presence of 

photorespiration. These are a high CO2 compensation point of 

40 - 50 ppm at 21% 02' CO2 evolution into CO2- free air, reversible 

02 inhibition of apparent photosynthesis, and a post illumination 

burst of CO2 evolution or 02 uptake. They have been observed in 

plants which fix CO
2 

exclusively via the Calvin cycle (Goldsworthy 

1910; Jackson and Volk, 1970; Zelltch, 1971). These plants are 
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known as C3 species and during photosynthesis the first step is 

the carbox,ylation of RuBP, ?atalysed by the enzyme RuBP carbox,ylase, 

and results in the formation of 3-PGA. The 3-0 sugar thus produce~ 

is then reduced to triose phosphate and undergoes a complex series 

of reactions to regenerate the CO2 acceptor and provide the net 

carbon fixed in photosynthesis (Bassha~ and Calvin, 1957)p 

Glycolate appears to be an early product of photosynthesis. The 

synthesis of this 2-C acid and photorespiration are both enhanced 

by 02 and are repressed by CO2, whilst photosynthesis is stimulated 

by CO2 and inhibited by 02 (Goldsworthy, 1970; Jackson and Volk, 1970; 

Zelitch, 1971). Although several mechanisms have been proposed to 

explain glycolate synthesis the currently favoured one is based on 

the fact that RuBP carboxylase also catalyses the oxidation of RuBP 

to P-glycolate and PGA by molecular 02 (Andrews~ ~., 1973; Bowes 

and Ogren, 1972; Bowes et ~., 1971; Lorimer ~ il., 1973). The 

P-glycolate is then converted to glycolate in the chloroplast by 

P-glycolate phosphatase (Richardson and Tolbert, 1961). Thus CO2 
and 02 appear to compete for RuBP at the active site of RuBP 

carboxylase since 02 is a com~etitive inhibitor with respect to CO2 

in the carboxylase reaction and CO2 is a competitive inhibitor with 

respect ot 02 in the oxygenase reaction (Badger and Andrews, 1914; 

Bowes and Ogren, 1972; Laing £1 a1., 1973, 1974; Ogren and Bowes, 

1971). 

Therefore 02 inhibition of photosynthesis (the Warburg effect), and 

the balance between photosynthesis and photorespiration is seemingly 

based upon the double enzymatic functions of RuBP carbox,ylase (Bowes 

and Ogren, 1972) and the competition between CO2 and 02 for RuBP which 

determines the relative rates of photosynthesis and photorespiration. 
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Thus high CO2 and/or low 02 promotes cs.rboxylation and photosynthesln 

whilst low CO2 and/or high 02 favour oxygenation and therefore 

glycolate synthesis and photorespiration. 

Once produced, the glycolate is subsequently oxidised to CO2 via the 

glycolate pathway (Tolbert, 1911). Glycolate is excreted from the 

chloroplast into the peroxisome. Here glycolate is oxidised to 

glyoxylate by the enzyme glycolate oxidase which has a relatively loVl 

affinity for 02 and required 20% 02 in the air for rapid activity. 

Oxygen is utilised and B202 is also produced, which could then react 

nonenzymatically with glycolate to produce CO2 , formate and water. 

However, the peroxisome contains an exoess of catalase, an enzyme 

which decomposes ~02 to water and 02 and thus prevents nonenzymatic 

oxidation of glycolate. Kisaki and Tolbert (1967) suggest that the 

importance of this catalase mechanism is revealed by the lack of CO2 

evolutionJand glycine accumulation observed when glycolate was fed to 

isolated peroxisomes. The glycolate is then aminated to glycine by 

peroxisomal transaminases, and the glYCine transferred from the 

peroxisome to the mitochondrion. Here 2 moles of glycine Gre 

converted to one mole each of serine and CO2 by the enzyme serine 
~ 

hydroxymethyltransferase. It 'is this conversion which is considered 

to be the major source of CO
2 

evolution in photorespiration. Serine 

can then be further metabolised in the peroxisome to produce glycerate 

whioh is phosphorylated and re-enters the Calvin cyole to be oonverted 

to sucrose (Tolbert, 1911). 

Several explanations have been proposed to account for 02 inhibition 

of photosynthesis. Back reaotions involving molecular 02' narcosis, 

photooxidation and enzyme inhibition have all been considered (Turner 

and Brittain, 1962; Zelitch, 1971). However, Zelitch (1911) oonsiders 
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that stimulation of photorespiration is the most important faotor 

involved in 02 inhibition o,f photosynthesis. 

Factors Affecting Photorespiration 

Photorespiration is enhanced by increased 02 concentration, high 

temperatures, high light intensities, low CO2 concentration and high 

pH CChollet and Ogren, 1975; Goldsworth, 1970; Jackson and Yolk, 1970; 

Zelitch, 1911). In the natural situation many of these factors will 

of course vary together, and their effects on photorespiration may 

be compounded. 

Dark respiration in leaves is saturated at about ~ 02' whilst 

photorespiration is not saturated at 10~ 02 (Forrester etgl., 1966; 

Jackson and Yolk, 1970). All the manifestations of photorespiration 

i.e. the post illumination burst of CO2 , CO2 evolution into a CO2-

free atmosphere, CO2 compensation point and 02 inhibition of 

photosynthesis are enhanced with increased 02 (Jackson and Yolk, 1910). 

This enhance~ent of photorespiration with increased 02 is explained 

on the basis of two observations. The first is the production of 

glycolate from RuBP, which is catalysed by the enzyme RuBP carbOxylase
t 

and produces P-glycolate and 5-PGA under conditions of high 02 and/or 

low CO2 due to the competitive effect on the enzyme, as already 

desoribed (Andrews ~ ~., 1913; Bowes and Oeren, 1912; Bowes ~ al., 

1911; Lorimer ~ al., 1913). The second is that the flavoprotein 

glycolate oxidase, which is responsible for the formation of glyoxylate, 

has a relatively low affinity for 02 and requires 20% 02 for rapid 

activity in Yi!Q and is further stimulated by 60-10q1u 02 (Tolbert, 1971). 

Inoreased temperature causes a differential increase in the rate of 

photorespiration with respect to photosynthesis. Such an increase has 

t because of its dual enzymatic role, it is now known as 
RuBP carboxylase-oxygenase. 
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been demonstrated for both the CO2 compensation point (Jolliffe and 

Tregunna, 1968; Laing et al:, 1914) and the 02 inhibition of 

photosynthesis (Jolliffe and Tregunna, 1968; Ku ~ al., 1971). The 

increased ratio of photorespiration to photosynthesis has been 

explained by the changing kinetic properties of RuBP carboxylase 

with changes in temperature. At high temperature the affinity of 

the enzyme for CO2 is reduced whilst its affinity for 02 is slightly 

increased. Such an alteration in the relative affinities of the 

enzyme for CO2 and 02 at elevated temperatures increases the ratio 

of oxygenase activity relative to carboxylase aet1~1ty and thereby 

increases the rate of photorespiration (Laing ~ al., 1974). It has 

also been suggested that the temperature effects on photorespirat~on 

could be caused by a higher activation energy for the oxygenase 

reaction compared to the carboxylase reaction (Badger and Andrews, 

1974), but this was not found to be the case (Laing £! al., 1914). 

Increased CO2 reduces photorespiration (Jolliffe and Tregunna, 1968; 

Forrester ~ al., 1966; Ku et ~., 1977; Laing 2! ~., 1974) and this 

is explained on the basis of competition between 02 and CO2 for the 

same site on RuBP carboxylase (Andrews ~ al., 1971; 1973; Ogren 

and Bowes, 1971; Bowes et a1.·, 1971). Photorespi ration is also 

increased by the increased pH of the bathing medium and this effect 

has been described for isolated chloroplasts (Dodd and Bidwell, 1971; 

Heber et ~., 1976; Robinson et a1., 1977). Such an increase could 

be explained because increased pH causes a shift in the equilibriu;n 

between CO2 and HCOi towards HCO)-- and thus reduces the CO2 

concentration with consequent less successful competition of CO2 with 

02 for RuRP carboxylase. Alternatively it could be explained because 

of the high pH optimum for the oxygenase reaction (pH 9.3-9.5) of RuBP 

carboxylase compared to that of the carboxylase reaction (pH 1.S) 

(AndrewB·~ al., 1913). 



Photorespiration is increased with increased irradiance (Jackson 

and Yolk, 1970; Zelitch, 1971) and may be explained simply on the 

basis that photorespirator,y glycolate is derived from RuBP. Thus 

light is necessary to drive the Calvin cycle to provide the precursor 

of glyoolate. Alternatively, Andrews ~ ale (1973) propose that the 

high light stimulation of photorespiration could be dependent upon 

the high pH optillUJll of the Rum> oxygenase, the chloroplast stroma 

beooming inoreasingly alkaline with inoreased light as CO2 is removed 

and fixed in photosynthesis. 

PhotosYnthesis and Respiration in the Aquatic Habitat 

It is thought that the aquatic environment may offer more equ~ble 

conditions for plant growth than the terrestrial environment. 

Temperature fluctuations are much less violent than in the aerial 

environment (Sculthorpe, 1967), and submersion in water often provides 

protection from freezing during the winter. However, the relatively 

high winter temperatures experienoed may allow respiration to exceed 

photosynthesis, while the relatively low summer temperatures may 

retard growtl. (Westlake, , 911). The potential light intensity 

experienced by the plant may be considerably reduced in the aquatic 
., 

environment because reflectio'n removes approximately 10% of the 

incident light, light is attenuated by the water itself, and further 

reduced by suspended and dissolved matter (Sculthorpe, 1967; Westlake, 

1911). In addition the light actually reaching the photosynthetic 

tissue of a submerged pl&~t ca~ be reduced by epiphyte encrustations 

(Sand-Jensen, 1971), silt or marl deposition (Wetzel, 1960). Self 

shading may also be important in dense weed beds (Sculthorpe, 1967). 

It has also been suggested that photosynthetic gaseous exchange is 

more favourable in water than on land because CO2 is more soluble in 

water than either 02 or N2 , and often forms over 110 of the volume of 
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gas dissolved in water compared with only about 0.03% in the atmosphere 

(Hutchinson, 1951; Westlake, 1911). In addition, CO2 is 

supplemented by HC0
3
- , often in substantial amounts in most natural 

waters. However, the coefficients of molecular diffusion are 

about 10,000 times slower in water than in air (Hutchinson, 1915; 

Westlake, 1911) and there is always a stagnant (or near stagnant) 

layer of water around the leaf which may offer considerable resistance 

to the uptake of CO2 and/or ReO) -, and the release of photosynthetically 

produced 02' The thickness of the boundary layer depends upon the 

rate of water flow (Smith, 1915), and increased flow rate does increase 

photosynthesis of aquatic plants, presumably in part at least as a 

result of a decreased boundary layer (Westlake, 1961). 

The water surrounding photosynthesising aquatic plants n~y be subject 

to rapid fluctuations in quality, as a result of photosynthesis. 

This will be especially so in dense weed beds when surface irradiance 

is high. Photosynthetically induced changes include supersatura!;ion 

of the vrater with °2 , reduced aV<:t.ilability of CO2 , and HC0
3
-, and 

increased pH (Bamforth, 196'-; Brown et ~., 1914; Dale, 1951; Ganf, 

1914; Caulder, 1970; Moss, 1969; Van.ru: &.,1916; Westlake, 1911). 

In addition the temperature ~f the water surroundine submersed 

plants can be raised relative to that outside the weed bed due to 

enhanced absorption of radiant energy and subsequent retarded 

diSSipation of the enereY due to restriuted water movement within 

the plant stand (Dale, 1957; Dale and Gillespie; 1977). All of the 

above conditions enhance photorespiration (Goldsworthy, 1910; Jackson 

and Volk, 1970; Zelitch, 1911), and may be expected to do so in 

aquatic plants that exhibit this phenomenon. 
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Recent investigations have established the presence of photorespir~it.ion 

and related 02 effects on photosynthesis and CO2 compensation points 

in a nunber of aquatic plants (Brown et a1., 1974; Bowes et a1., 1977£1; 

Helder et al., 1974; Hough, 1974,1976; Hough and Wetzel, 1972, 1970; 

Jana and Choudhuri, 1979; Kutyurin et al., 1964; Prins and Wolff, 1974; 

Spndereaard, 1979; Tolbert and Osmond, 1976; Van et al., 1976) although 

Bone of the photorespiratory effects reported are not as strong as 

those expected from typical C
3 

plants. To date all the species 

investigated have been found to have 10Vl photosynthetic rates (about 

1 to 5% that of terrestrial plants) and their photosyrlthesis is 

inhibited by °20 Despite low photosynthetic rates, submersed 

vegetation is capable of rapid growth, probably because relatively 

little of their photosynthate is required for support compared to 

terrestrial plantso This is reflected by the low dry weight to fresh 

weight ratio of submersed vegetation. Photorespiratory CO2 release 

has been shown to be low in Hydrilla verticillata (Bowes ~ al., 

1977b) and Najas flexilis (Hough, 1914). Rough (1974) suggests that 

submersed plants may photorespire less than terrestrial ones because 

they are generally exposed to lower 02 concentrations, light and 

temperature. Alternatively":he suggests that photorespiration may be 

higher than that actually measured but high diffusive resistance to 

photorespiratory CO2 release and retention of some of this CO2 in 

gas lacunae may permit extensive refixation and thereby underestimate 

the true IIl8€nitude of photorespiration. It is also thought that some 

aquatic plants are able to adapt their photosynthetic physiology by 

changing the proportions of photosynthetic and photorespiratory 

enzymes in response to low CO2 conditions, and thereby reduce 

photorespiratory loss (Bowes et ~.t 1977a) 
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Carbon dioxide compensation points of aquatic plants, taken as a group, 

show wide variation from ° in Myriophyllum spicatum (Stanley and 
. -1 

Naylor, 1972) to 85pl CO2 1 in EP,eria ~ under 21% 02 (Brown 

et al., 1974). There would also appear to be intraspecific variations 

in CO2 compensation point. ~. canadensis has been shown to have a low 

02- insensitive, CO2 compensation point (Hough, 1979) and the results 

of Brown et ale (1974) have also been quoted as evidence that this 

species has a low compensation point (Benedict, 1978; Hough, 1979). 

However, examination of their data reveal that this is not actually 

the case. Whilst!. canadensis did indeed have the lowest CO2 

compensation pOint of the three species investigated, at 21% 02 its 

CO2 co~pensation point was approximately 30 ppm. This is much greater 

than the compensation point of .< 5-10 ppm characteristic of C
4 

plants, 

but more akin to the C
3 

plants whose compensation point is commonly 

within the range 40-50 ppm (Jackson and Volk, 1970). In addition, 

Brown ~ ale (1914) found that the CO2 compensation point was 02-

sensitive and only reduced to zero at 0.6% O2, 

Despite some of these uncertainties about ~oth the nature and extent 

of photorespiration in aquatic macrophytes there is no doubt that it 
, 

can be a factor of potential importance in aquatic plant productivity. 

An afternoon depression of photosynthesis is often seen in submersed 

aquatic plants and has been described for lie verticillata (Van et al., 

1976), U. flexilis (Hough, 1914) and E. canadensis (Hartman and Brown, - -
1961; Hough, 1979). It has been argued th~t as the day progresses 

there will be an increase in light intensity, 02 concentration and 

possibly a decrease in CO2 availability which oould together enhance 

photorespiration and hence explain the afternoon depression of 

photosynthesis (Hough, 1914). 
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Dale (1957) describes the effect of environment on the growth of 

E. canadensis. Specimens from shallow water under strong light had 

a characteristically crowded appearance at the terrn~inal portions of 

the shoot due to shortened internodes, and leaf length was also 

restricted. He explains that the surface of the water was choked 

with strong growth, the water circulated little, was saturated with 

02 and up to 80e warmer than the surrounding water. With hindsight 

it is known that these conditions stimulate photorespiration and could 

help explain the observed retarded growth which Dale observed. 

Aspects. of Pbysiolog::ra,nd Anatosy that co.uld Ameliora.te 
the Effects of Photorespiration 

There are a number of w~s in which the restrictions placed upon the 

plant by photorespiration and its associated 02 effects on photosynthesis 

might be reduced. These are 1. Active C
4 

metabolism, which has been 

suggested by high 14C fixation into C
4 

acids (Benedict and Scott, 1976; 

Brown ~ ~., 1974; De Groote and Kennedy, 1977). 2. Adapation to 

raduced CO2 conditions by altering levels of photosynthetic enzymes, 

thereby reducing photorespiration (Bowes ~ ~., 1977a. Salvucci et ~., , -
1979). 3. Active HC0

3
- utilization as an inorganic carbon source for 

photosynthesis through carbonic anhyd~se activity (Sculthorpe, 1967; 

Steemann Nielsen, 1960). 4. Gas movement and storage within the 

lacunar system (Raven, 1970). 

1. Active C
4 

Metabolism 

On the basis of radioactive isotope studies it appears that RuBP 

carboxylase and the Calvin cycle account for mo~t of the inorganic 

carbon entering aquatic plants (Andrews and Abel, 1979; Browse et al., 

1971, 1919; Hough, 19741 Stanley and Naylor, 1972, Winter, 1978). In 

contrast, there are some reports of heavy labelling into malate (Benedict 

and Scott, 1916; Brown ~ ~., 1974; De Groote and Kennedy, 1977) and 

this had led to suggestions that aquatic plants may be intermediate 
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with respect to photosynthesis batween the high photorespiratory C
3 

plants and low photorespiratory C
4 

plants. However, whilnt preliminary 

studies on :§B:.. ~ indicated high 14C fi xation into C
4

- acids (Brown 

~ ~., 1974), when experiments were repeated at natural CO2 

concentrations the distribution of 14C fixed into PGA, sugar phosph~tes 

and sucrose indicated that the Calvin cycle was the primary carboxylation 

mec~~ism (Browse et al., 1977). This suggested that the previously 

reported high 14C fixation into malate might have been induced by very 

low experimental CO2 concentrations with consequent suppression of 

Calvin cycle activity. 

In addition, pulse-chase experiments on E. canadensis indicated th~t 

whilst a 14C exposure period of 2 seconds resulted in 45% of the label 

in C4- acids, there was little subsequent turnover of this label (De 

Groote and Kenne~, 1977). A similar absence of turnover of 14C in 

1 t 

the malate pool of ~. densa has also been reported (Browse et al., 1980). 

The lack of turnover in both these species suggests that little of the 

organiC acid produced was involved in a C4- type of carbon supply to the 

Calvin cycle. Indeed, Browse ~~. (1980) propose that mala.te 

synthesis in ~. ~ is not related to the synthetic or energy fixing 

roles of photosynthesis but m~y be required to balance excess cation 

uptake in the light. 

A major diagnostic feature of all plants with the C
4 

pathVlay of 

photosynthesis is the 'Kranz' leaf anaton\y. In C 4 plants such as maize, 

tr..e vascular tissue is surrounded by a concentric layer of 1uree b'..mdlp 

sheath cells containing numerous starch filled chloroplasts. This layer 

is in turn surrounded by more rings of mesophyU colIs (Chollet and Ogren, 

1975). The mesophyll cells initially fix CO2 into C4- acids and these 

are then transported to the bundle sheath cells where they are 



decarboxylated and the CO fixed in to RuBP via the Calvin cycle. 
:2-

This typical C4 system in.its complete anatomical-metabolic form has 

not evolved in any aquatic vascular plants (including ~. canadensis) 

tested to date (Hough and Wetzel, 1917). 

2. Adaptations of PhYsiology 

Under certain conditions so~e submersed aquatic plants show a reduced 

CO2 compensation point and altered levels of photosynthetic enzymes 

(Bowes ~ ~., 1979). The reduced CO2 compensation point, which was 

correlated with an increase in the proportion of PEP carboxylase 

relative to RuB? carboxylase, as reported by Bowes and co-workers in 

summer samples of R. verticillata, was apparently linked to triegers 

such as increased daylength, elevated temperature and reduced CO2 

availability. Similarly, reduced levels of photorespiration have been 

reported in summer samples of lie flexins(Hough, 1974) and ~. canadensis 

(Spndergaard, 1979). These lower levels in the summer compared to 

winter or autumnal ones may not necessarily be related to environmental 

triggers, but could be indirect and caused by the relative age of the 

samples. However, reduced photorespiration, whether induced by the 

environment or age, would s~ill be advantageous to the plant in still 

water conditions. 

12 

Aging effects on photosynthetic and photorespiratory processes are well 

documented in terrestrial plants (e.g. Catsky ~ ~., 1916; Hodgkinson, 

1914; Kisaki et ~., 1913). They have also been inferred in aquatic 

plants from observations on seasonal variation in photor8spiration 

(Hough, 1974), and demonstrated for leaves of different age in 

Vallisneria spiralis (Jana and Choudhuri, 1919). 



3. HC0
3
- Utilization 

Active HC0
3
- utilization in, aquatic plants way give the plant a 

competitive advantage in alkaline waters (Hutchinson, 1951, 1915; 

Sculthorpe, 1961). It may also help to ameliorate the effects of 

reduced CO2 supply at high pH in photorespiring plants by acting as 

a 'C02- pump' to increase the CO2 concentration at the site of 

carboxylation thereby enabling better competition of CO2 for RuBP 

carboxylase. Whilst many aquatic plants are reputedly able to 

utilise HC03~ as a carbon source in photosynthesis (Sculthorpe, 1967; 

Steemann .. Nielsen, 196.0), the evidence for this abUi ty is equivocal 

since most investigations were based upon the plants ability to raise 

the pH of the water in unbuffered media. It was assumed that if the 

plant could raise the pH of the medium by photosynthesis, to a pH 

level at which free CO2 concentration was negligible, then HC0
3

-

was being utilized. However, pH rises in themselves cannot indicate 

either photosynthesis (~nomas and Tregunna, 1967) or HC03- utilization 

(Raven, 1910). Indeed, other investigations have indicated that 

E. canadensis, ~. ~ and Lagarosiphon major are unable to use 

Carr (1969) Poul\d this ion practically 

useless to Ceratophyllum demecsum. Van ~ ~. (1916) reinvestigated 

the aotive species of CO2 used in photosynthesis in aquatic plants. 

They found that at saturating free CO2 at pH 4 and pH 8 there was no 

indication of HC0
3
- use. At subsaturating free CO2 , the photosynthetic 

rate was higher at pH 8 than at pH 4. This type of enhancerr.ent would 

normally be taken to indicate HCO)- use, but it could also result from 

increased affinity of the carboxylating enzyme for CO2 at high pH and 

HC0
3
- concentrations (Bowes ~ ~., 1975). 
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4. Gas Movements and Storage in the Lacunar System 

Gas lacunae are of widespread occurrence in aquatic macrophytes 

(Sculthorpe, 1961) and it is thought that gas movement and storage 

within the lacunar system could help with problems of restricted CO2 

and 02 exchange (Raven, 1910). In terrestrial plants, photosynthetically 

produced 02 diffuses into the atmosphere, whilst in submersed plants 

there is a tendency for this gas to preferentially diffuse into the 

intercellular lacunae because of the greater resistance to diffusion 

of gases in water (e.g. Hough, 1914; Hough and Wetzel, 1912; Sculthorpe, 

1961). Sculthorpe (1961) reports that the rate of downward diffusion 

is governed by the steepness of the concentration gradient and the 

frictional resistance of the diaphragms, but suggests that, on average, 

the rate is probably about 4~ of that in air. However, this figure is 

based on the rate of diffusion in the rhizome of Menyanthes trifoliata, 

as measured by Coult (1964) and thus the validity of extrapolating to 

1 <1 

all aquatic vascular plants is doubtful. None the less, photosynthetically 

evolved oxygen is probably made available to respiring root tissues as 

these may be in anaerobic sediments (Arber, 1920; Sculthorpe, 1961). 

In a similar manner, respirator,y CO2 probably also diffuses through 
, 

the lacunal system and becomes' available to photosynthesising tissue. 

Indeed, both Lobelia dortmanna (Wium-Anderson, 1971) and Litorella 

uniflora (Spndergaard and Sand-Iensen, 1919) are able to 

photosynthesise 140°2 fed to their roots. However, whilst gas lacunae 

are present in !!. canadensis, the presence of a. two cell thick 

diaphragm at each node (Figure 1.1) may make its morpholoey unfavourable 

for rapid gas transport. As a consequence 002 and 02 are unlikely to 

diffuse through the lacunae in sufficient quantities to significantly 

affect the photosynthetic performance of the plant(J.W. Eaton, personal 

communication). 



Figure 1.1 Gas lacul"'Ae in]. canadensis. 

a. and b. Longitudinal section of stem with gas channels interrupted 

by a multicellular diaphragm, x45 and x90 respectively. 

c. Transverse section of stem with gas channels, x90. 

d. and e. Transverse section of stem in nodal region showing the 

surface of the diaphragm. Note the air spaces at the 

corners of the cells, x350 and x800 respectively. 

Sections were cut under water ani left standing in distilled 

water for approximately 2 hours to help remove cell contents. They 

were then dehydrated by immersion for successive 30 minute periods 

in acetone/water mixtures containing 20, 40, 60, 80, 90, 100 and 

10C% acetone.' Sections were critical point dried (Polaron E3000 

Critical Point Drying Apparatus using liquid CO2) and glued onto 

a stub with Durafix. The specimens were coated with 60;& gold/ 
, 

p8.lladium (NGN. SG-2, 12 inch Coating Unit) am viewed with a 

Cambridge Stereoscan Mk. IIA Electron Microscope using an 

accelerating voltage of 20 kv. 
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Another important aspect of the lacunar system is that it might 

allow refixation of photorespired CO2• The low CO2 evolution in 
. 

the light by aquatic plants has been explained by effective 

refixation of photorespired CO2 due to the gas filled lacunar system 

(Hough, 1974; Hough and Wetzel, 1972, 1978; Spndergaard, 1979). It 

is thought that 50-6710 of the photorespired CO2 may be refixed in 

M. flexilis ~~ough, 1~74) and 50-70% in~. dortmanna and Li. uniflora 

(Spndergaard, 1979). These speoies contain large lacunae which run 

the length of the leaves and allo~ extensive refixation. Refixation 

of photorespired CO2 in !. canadensis is however probably minor 
• 

because this speci~shas relatively few, small gas lacunae in the 

leaves which are only two cell layers thick (Spndergaard, 1979). 

However, whether the photorespired CO2 is lost from the plant or 

recycled, considerable photosynthetic assimila~or,y power is lost 

during photorespiration. 

Leaving aside the possible ways in which the plant can ameliorate the 

effects of low CO2 conditions on its photosynthetic metabolism, 

laboratory measurements may overestimate photosynthetic performance 

of aquatic plants in the field. This is especially so with rapid 
1 

flow rates of rapidly stirred conditions which reduce the thickness 

of boundary layers and thereby enhance exchange. Westlake (1967) 

found that increased flow rate caused a great increase in photosynthesis 
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of aquatic plants. Therefore it see~ likely that laboratory experiments 

would ovqrestimate photosynthesis and possibly underestimate 

photorespiration in the field because of the artificially favourable 

degree of water movement occurring in the laboratory apparatus, as 

compared with the field. 



While the corphology of !. ca.nadensis is probably not conducive to 

rapid ea::> transIlort and refixa.tion of respired CO
2 

(3C0 above), 

excised leaves wero used to circumvent theae, probably rainor effects. 

Rer:loval of leaves in this way probably did not reduce photosynthAtic 

rates since they are comparablp. to those found by Van!U ~., (1976). 

It would appear that the rates found by these workers arc the hiehcst 

reported for submersed angiosperms. 

Aims of Research 

Over a period of several years, sw~~r growths of E. canadensis in the 

Leeds and Liverpool Canal have been ob3e=ved in many cases to be 

followed by sudden drastic reductions in biomass (J. '.'1. Eaton. personal 

communication). During such reduction, tissue analysis suggested no 

evidence of Ii or P deficiency, the water was clear, the main growth 

zone of the weed beds was in the top O.5m of the canal and therefore 

the erowing tips were receivinG abundant light. Water conditions 

changed l:1arkedly and on warm, sunny days 02 concentration waS 150-20~ 

saturation, pH 9-10 and the temperature up to 5°0 higher than the open 

water so that the tel.1peratl~re experienced by the plant was a maxirmlm of 

25°0. Since these conditions favour photorespiration in terrestrial 
, 

plants, and this process has' been suggested as a possible cause of the 

afternoon depression of photosynthesis in aquatiC plants (Hough, 1974), 

one of the aims was to determine whether such conditions could pOGsibly 

help explain the observed biomass decrease in!. canadensis under still 

conditions. 

Another change noted in the Leeds and Liverpool Canal in recent years 

has been the gradual replacement of E. canadensis, as the dominant 
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submersed plant, by the filamentous alga Cladophora glomerata in sections 



receiving nutrient rich River Douglas water. Reductions in macrophyte 

biomass and even cocplete replacement by filamentous and planktonic 

algae have been observed elsewhere. This replacement has been 

attributed to algal shading of the macrophytes to below light 

compensation with consequent suppression and decline in growth (Phillips 

~ ~., 1918). Thus another aim was to determine the relative 

photosynthetic performance of !!. canadensis, with respect to its 

filamentous algal competitors, in relation to light and other 

environmental factors that affect photosynthesis. 

While seasonal fluctuations in the aquatic environment m~ not be as 
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severe as in the terrestrial one (see Introduction Section 'Photosynthesis 

and respiration in the aquatic habitat') there is never the less 

significant variation in environmental conditions that could affect 

photosynthesis and respiration. In addition, some rracrophytes evidently 

exhibit seasonal and age related effects on their photosynthetic metabolism. 

They might also be expected to show other adaptations to their 

environment e.g. to the light conditions experienced within a weed bed, 

which will be reduced compared to that experienced by the apex because 

of self shading, epiphytes an~ silt deposition. For these reasons, the 

effect of season was determined for leaves of different age to ascertain 

how such factors might affect the photosynthetic performance of 

~. canadensis. 

Thus work was undertaken to determine the environm2nb.l effects on the 

photosynthesis of !. canadensis, and specifically to relate these effects 

to its ecology and weed bed conditions. In this context, it is important 

to include comparisons between the performance of this macrophyte and its 

algal competitors, especially as these appear to be linked with macrophyte 

decline in some sections of the canal. 



For the sake of clarity, the thesis has been divided into several 

seotions, each of which is ~ritten as a self-contained paper. Each 

covers a different aspect of the photosynthetic and respiratory 

physiology of !. oanadensis. 

The results of some preliminary method testing are given in Section 2, 

with partioular reference to the effeots of laboratory holding 

conditions on the physiolqgyof~. canadensis. It is considered 

particularly vital to test these to avoid the introduction of 

experimentally induced artefacts that could invalidate extrapolation 

to the field situation. 

In Section 3 the effect of environmental factors on the photosynthetic 

and respiratory performance of ~. canadensis leaves are described. 

Major consideration is given to the photosynthetically induced changes 

of the water surrounding aquatic plants e.g. supersaturation of the 

water with 02' reduced availability of CO
2 

and HCO)- and increased pH. 

Suoh oonditions drastically reduce photosynthesis in this plant and 

enhanoe photorespiration, as indicated by the 02 inhibition of apparent 

photosynthesis. Results are discussed in relation to the possibility 

that this ~ help to explain~the reduction in biomass of this plant 

under still water conditions. 

The effect of leaf position on the photosynthetic and respiratory 

metabolism of §. canadensis is described in Section 4. As distance 

fro:n the apex increases, the light saturation and co:npensation points 

declines. This is probably the result of adaptation to available light, 

but may reflect the light availability at the time of leaf formation and 

development. The patterns of change in apparent photosynthesis, dark 

respiration and 02 inhibition of photosynthesis with leaf position are 
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characteristic of age-related effects on the photosynthesis of 

terrestrial plants, but are different depending upon whether the 

rate is expressed per unit chlorophyll or per unit leaf area. 

In the light of these results, investigations into season[u variation 

of photosynthesis and respiration were performed on leaves of known 

insertion level. Section 5 describes the seasonal variation in 

photosynthesis and respiration of 1cm and 6cm excised leaves to 

light, temperature and 02. It also compares glycolate oxidase activity, 

a key photorespirator,y enzyme, of these leaves with time of year. The 

results show that during the summer light saturated photosynthesis, 

light saturation and compensation points were highest. There was no 

difference in the temperature optimum for either photosynthesis or 

dark respiration in winter and summer specimens. In contrast, 02 

inhibition of apparent photosynthesis and glycolate oxidase activity 

w~s least in the su~er. This suggests t~~t there ~~y be some 

ame Iioration of photorespiratory loss in the summer, at a time when 
'-./ 

this process would othervrise proceed at a high rate. 

The results of a study of the inter-relationship between season and 
-, 

leaf insertion level on irradiance response and 02 inhibition of 

photosynthesis are given in Section 6. All leaves showed a reduction 

in light saturation and compensation points in the winter and this 

probably resulted from adaptation to seasonal insolation. Oxysen 

inhibition of photosynthesis exhibited a general trend of increased 

magnitude to a level at a certain distance below the apex and then 

declined to the oldest leaves. However, the peak of inhibition was 

closest to the apex in winter leaves and may reflect the relatively 

greater age of these leaves in winter compared to corresponding su~er 

ones. 
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Considering the severe limitation placed upon the photosynth8sis of 

!. canadensis by high 02' ~ow CO2 ~~d high pH conditions (Section 3), 

the photosynthesis of this rnacrophyte is comp~red with that of the 

filamentous algae ~. glomerata a~d Snirogyra sp. in Section 7. Th8se 

two algae are often found intermin8led with~. canadensis and have been 

implicated in the decline of other macrophytes. Results show that both 

these algae photosynthesise more effectively than!. canadensis under 

high 02' high pH and low CO2 conditions. This suggests that these 

algae may be responsible for the decline of !. canadensis in some 

stretches of the Leeds and Liverpool Canal, because their photosynthesis 

could alter w~ter conditions so much that ~. 9anadensis is out-competed. 

22 

While in the field situation there will be undoubted interaction between 

environmental factors, age and leaf position, it is necessary to separate 

out these effects in the thesis. However, I shall attempt to draw 

toeether this interplay of factors in the final discussion (Section 8) 

and relate the physiology of thic macrophyte to its ecology. 



In this seotion, the results of some preliminary investigations 

and method testing are described. These investigations were 

performed to eliminate the introduction of experimentally induced 

artefacts which could otherwise lead to misinterpretations and 

invalidate extrapolation to the field situation. The results of 

investigations are used to substantiate the adoption of standard 

methods and treatment of the plant material. 
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2. SO~.lE NOTES ON pR..-.;:r.nTIA...~Y INVESTIGATImIS INTO THE PHOTOSYNTHSSTS 
OF ELOD~A CAlIADENSIS 

ABSTRACT 

The effect of various laborato~J holding conditions and experi~ental 

tech."liques on O
2 

exchange characteristics of Elodea canadensis Michx. 

were inv0stigated. rna results indicate that the conditions and 

techniques employed did not Significantly affect subsequent recorJed 

rates. 

There was no evidence of SUbstantial bicarbonate use for photosynthesis 

in E. canadensis, despite earlier claims that this species is able to 

use it. In contrast, there was a distinct preference for CO2 and 

photosynthesis was drastically reduced with increased pH. These results 

are discussed in the light of previous claims. 

INTRODUCTIOll 

Laboratory holdine conditions may affect the metabolism of aquatic plants. 

Brown ~~. (1914) noted a rapid decline in photosynthesis of Elmlea 

canadensis Michx. after collection from the field and recently J ana and 

Choudhuri (1919) found that photosynthetic rates of Vallisneria 5pi1'a118 

were Significantly affected l'pcause of premH.ture a.ging of plant rnrJ.tr:rial. 

Whilst E. canadensis was collected fresh each week during the CO'llr'se of 

this present study it Vias considered necessary to test the effects of 

Vb.rious laboratory holding conditions and expel'imlmta,l technLlues on the 

02 exchange characteristics of thii:l spech,z;. The! ai~n of thi" \'I:':"S to 

eliminate or reduce experimental artefacts that could lead to 

misinterpretation. The factors investieated were epiphyte removal, 

leaf number, time from collection and leaf excision, temperature 

preincubation period, holding temperature, diurnal variation, buffer 

type and its concentration. 



Bicarbonate utilization is asnutled to occur in 2. c;m:J.densis 

(Sculthorpe, 1967; SteewannYielsen, 1960), yet recent studies sUCGost 

that this ability is very limited (Brown nt aI., 1974). Therefore the 

results of investigations into the effect of pH on photonynthesis and 

the possible role of HC0
3
- in photosynthesis are also included since 

its utilization may confer a competitive advantage to an aquatic plant 

in neutral or alkaline waters (Hutchinson, 1951; 1915; Sculthorpe, 1967). 

MATERIALS AND l1ETRODS 

Plant Material 

Samples of E. ca.>1adensis were collected from the Leeds and Liverpool 

Canal, near Aintree, Merseyside (O.S. 393990), by grapnel at unshaded 

positions from clear, unpolluted water of average depth 1m. Boat 

movements in this section averaged 1-2 per day in summer and less than 

1 per day in winter. Where possible only undamaged mainstems were 

collected. In all instances only stems growing vertically in the water 

column were collected. These were transported to the laboratory in 

canal water where they were immediately placed in large glass tanks. 

They were maintained in the lab~ratory in canal water at 1SoC under a 

16 hour photoperiod, 54 pE m-2s-1 (PAR) irradiance. Oxygen exchanga , 

rates were measured within 4 days of collection. 

PhotosynthetiC and RespiratorY Rate Determination 

Unless otherwise indicated photosynthetic and respiratory rates of 

~. oanader.sis were measured as 02 evolution in the liGht or 02 uptake 

in the dark, at 20°0 using a Clarke-type 02 electrode, Rank Brothers, 

Cambridge. Temperature waS controlled using a Churchill cooler/heater 

unit. The reaotion vessel was illuminated with a 2S0W projector bulb 

.. 

-2 -1 ( ) to saturating incident light of 290 FE m s PAR irradiance, measured 

by Lambda meter. 
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The three leaves of a whorl were excised by gently pulling them from 

the stem using forceps. They were placed directly in the oxygen 

electrode in 3cm3 of Forsberg medium II (Forsberg, 1965), modified 

by omission of Na2Si0
3 

and carbon sources. Buffer components were 

varied to cover the required pH range and were noroally 50 rnM 

17aCitrate-NaH2P0
4 

for pH 5 to 6, and 50 roM Tris-HCl for pH 1 to 9. 

The buffers Tris-IDl03, Tris-H2S04' Hepes, Tricine and Bes were also 

employed at pH 1.5 to investigate possible depression of oxygen exchange 

rates caused by the buffer solution usually employed. Photosynthesis 

was initiated by injection of 0.1cm3 of NaHC0
3 

solution to give a 

final concentration of 2.4 roM HCO)- which approximated to that present 

in the canal water. In experiments at higher HCO)- concentrations, the 

buffering capacity of the added HCO) was compensated for by addition 

of predetermined amounts of 0.2 U Hel. 

Rates of 02 exchange were calculated from the slope of the recorded 

changes in dissolved 02 and, in all cases reported here 02 exchange 

was determined under + -1 10 - 0.5 mg 02 ~ • Treatments were usually run 

in triplicate. 

The method of Arnon (1949) wa~ used for all chlorophyll determinations 

i.e. chlorop~ll was extracted by grinding leaf samples with e~~ acetone 

in an iced mortar and pestle. Extracts were made up to 5cm3 with ice 

oold eo% acetone and centrifuged to remove cell debris. The absorbance 

of supernatants at 645 and 663 nm in a 10mm light path c(~ll were 

measured using a Unicarn sp600 spectrophotometer. A matched cell 

containing eo% acetone acted as the blank. The chlorophyll content of 

the extracts, in mg cm- 3, were calculated by inserting the relevant 

absorbance values in the following equations:-
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Chl. a :. 

Chl. b ... 

(0.127 x Abs663) - (0.00269 x Abs645) 

Chl. (total) -

(0.0202 x Abs645) + (0.00802 x Abs663 ) 

After centrifuging and before determination of absorbance, the samples 

were stored in an ice bath and covered with several layers of aluminium 

foil to exclude light. The interval between measuring the absorbance 

of the first sample and the last was usually less than 30 minutes. 

During this time no denaturation of the chlorophyll occurred, since 

repeat determination of absorbance on the first sample gave the same 

value. In most instances background absorbance proved negligible. 

RESULTS AND DISCUSSION 

The effect of Brushing to Remove Ep iPhYtes 
"-../ 

Older leaves of~. canadensis,particularljduring the winter, were 

encrusted with epiphytes. Thf",se epiphytes were removed by gently 

brushing the leaves with a fine art brush and rinSing in several 

changes of water. Microscopical examination revealed no damage and 

the remaining presence of few epiphytes. The effect of such brushing 

was tested using non-epiphytised apical leaves. Photosynthetic 02 

evolution and O
2 

uptake in the dark were not significantly differo!lt 

for brushed and non-brushed leaves (Table 2.1). 
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Table 2.1 The effect of leaf brushing on apparent photosynthetic 02 

evolution and 02 uptake in ~he dark of apical E. canad8nsis leaves. 

non-brushed 

brushed 

Light-saturated 
Photosynthetic Rate 
(}!g °21'08 ChI. min) 

+ 21.1 1e4 

+ 21.7 1.4 

Rate of 
Dark Respiration 
()lg 0/me Chl.min) 

3.6 t 0.3 

+ 4.0 - 0.5 

:Mean of four replicates + standard deviation 

The effect of Number of Leaves on ~ygen Exchange 

The number of leaves in the reaction vessel did not significantly affect 

the apparent photosynthetio 02 evolution or 02 uptake in the dark (Table 

2.2). Ho-never the leaves excised from 6cm below the apex had lower 02 

exchange rates than 1 cm excised leaves (see also Table 2.3) and could 

reflect the type of age-related changes that have been reported for 

terrestrial plants (e.g. Catsky et al., 1975). It was therefore 

decided that only 3 leaves would be used in oxygen exchange rate 

determinations so that they could be taken from the same whorl and 

therefore have experienoed the same growth conditions and be 
. , , 

approximately the same age. 

The effects of Time from Collection 

Apparent photosynthetic 02 evolution and dark respiratory 02 upt~e 

of E. canadensis leaves remained relatively stable for seven days 

after collection of the plant material, but photosynthesis was reduced 
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on dqy 10 in both 1cm and 6cm excised leaves (Table 2.3). This contrasts 

with the rapid decline in photosynthesis after 24 hours previously noted 

for!. canadensis (Brown ~ al., 1974). It was therefore decided that 



Table 2.2 The effect of leaf number in the reation vessel on 

apparent photosynthetic 02 evolution and 02 uptake in the dark of 

1cm and 6cm excised leaves ~f !. canadensis 

Light-saturated Rate of 
Photosynthetic Rate Dark Respiration 

Number (pg 0/fD8 Chl. min) (p.g O,jrng Chl. min) 
of 

Leaves 

1 cm 6 cm 1 em 6 em 

1 + 28.4 - 1.2 + 20.8 - 2.3 + 5.6 - 0.5 + 4.9 - 0.4 

2 + 28.7 - 1.4 + 20.9 - 0.9 + 5.8 - 0.8 + 5.0 - 0.4 

3 + 28.1 - 1.1 + 21.4 - 2.4 + 6.0 - 0.8 + 4.7 - 0.1 

4 
+ 27.7 - 1.1 + 21.3 - 2.5 + 5.4 - 0.6 + 4.7 - 0.1 

5 + 28.6 - 1.3 + 21.3 - 1.9 + 4.8 - 0.4 + 4.9 - 0.2 

6 + 28.9 - 0.5 + 21.1 - 2.1 + 4.4 - 0.6 + 4.6 - 0.1 

Mean of three replicates ! standard deviation 

Table 2.3 The effect of time from collection on apparent photosynthetic 

02 evolution and 02 uptake in the dark of 1cm and 6cm excised leaves 

of E. canadensis. 

Time 
(~s) 

o 

2 

4 

7 

10 

Light-saturated Rate of 
Photosynthetic Rate 
(pg Olmg ChI. min) 

Dark Respiration 
{Pg O!mg ChI. min 

1 em 6cm 1 cm 6cm 

+ 29.0 - 1.3 + 24.9 - 1.0 + 5.6 - 0.5 + 4.2 - 0.9 

+ 29.9 - 2.0 + 25.5 - 0.7 + 5.9 - 1.0 + 4.4 - 0.3 

+ 28.6 - 1.5 + 24.2 - 1.8 + 5.3 - ~.3 4.6 ! 0.4 

29.6 !'2.4 + 24.4 - 1.9 + 5.6 - 0.7 + 4.1 - 0.6 

+ 21.8 - 1.2 + 16.4 - 0.9 + 
5.6 - 0.7 + 3.7 - 0.3 

Mean of three replicates ! standard deviation 
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photosynthetic and respiratory rate determination3 should be made 

within 4 days of collection to avoid any decline in rates induced 

either by the laboratory holding conditions or by aging of the 

specimens. Such premature aging induced by laboratory holding 

conditions has recently been demonstrated in an aquatic angiosperm 

(Jana and Ohoudhuri, 1979). 

The effect of Time from Leaf Excision 

Apparent photosynthetic and dark respiratory rates of excised 

~. canadensis leaves remained stable for 95 minutes but declined 

thereafter (Table 2.4). This decline was not caused by a reduction 

in nutrient levels in the assay solution because replenishing the 

medium did not restore metabolic rates. The decline was probably due 

to reduced physiological activity of the leaves and thus measurements 

were completed within 90 minutes of leaf excision. HO','1ever this 

length of time was only necessary when determining the photosynth~tic 

response of leaves to irradiance. In all other experi~ents measurements 

were completed within 30 minutes from excision. 

The effect of Incubation Time on Tcm~erature Response 

° a I ° At 15 0 and 20 0 there VIas nOl..n3l1ge. , but at 25 C and above apparent 

photosynthetio and dark respiratory rates were initially hieh, but 

declined to lower stable rates within 15 to 30 minutes (Table 2.5). 

This decline was probably associated with enzymes equilibrating to the 

temperatare. 

It was considered that the 25-30°0 temperature optima for both apparent 

photosynthesis and dark respiration obtained after 30 minutes probably 

reflected the true optimum temperature for these processes rather than 
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Table 2.4 The effect of time from leaf excision on apparent 

photosynthetio O2 evolution and 02 uptake in the dark of 1cm and 

6cm excised leaves of E. canadensis. 

Light-saturated Rate of 
Photosynthetic Rate Dark Respiration 

Time (pg O.)mg Chl. min) Cps 02/mg Chl. min) 
(min) 

1cm 6cm 1cm 6cm 

5 + 21.3 - 0.4 + 16.6 - 0.6 + 4.1 - 0.4 + 2.9 - 0.5 

20 + 21.9 - 1.1 + 11.1 - 0.9 + 4.2 - 0.5 + 3.1 - 0.9 

35 + 21.8 - 0.8 + 16.1 - 1.5 + 4.0 - 0.2 + 2.5 - 0.5 

50 + 21.3 - 0.6 + 16.8 - 0.9 + 4.0 - 0.3 + 2.4 - 0.4 

65 + 21.4 - 0.2 + 16.5 - 1.1 + 3.8 - 0.2 + 2.1 - 0.5 

95 + 21.4 - 0.4 + 16.~ - 1.8 + 4.3 - 0.5 + 3.1 - 1.0 

120 26.4 ! 0.8 + 14.3 - 2.1 + 4.5 - 0.5 + 3.3 - 1.0 

Mean of three replicates ! standard deviation 
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Table 2.5 The effect of preincubation time on the temperature response of apparent photosynthetic O2 evolution and O2 
uptake in the dark of 2cm excised leaves of !. canadensis. 

Light-saturated Photosynthetic Rate ~ 02/mg Obl. min) Rate of Dark Respiration Y-tg 02/mg Ohl. min) 
Time 

(min) 15°0 20°0 25°C 30°C 35°0 15°0 20°0 25°0 30°0 35°0 

0 + + + + + 13.8 - 0.5 24.2 - 0.4 32.9 - 0.5 35.3 - 0.2 35.0 - 2.1 + 2.1 - 0.4 + 4.4 - 0.8 + 1.1 - 0.4 + + 8.4 - 0.9 10.9 - 0.9 .. ~ 

15 + + + + + 13.1 - 0.4 24.2 - 0.4 32.3 - 0.3 32.3 - 1.8 29.0 - 2.1 + 2.9 - 0.5 + 4.9 - 0.9 + 7.2 - 0.5 + 7.7 - 0.3 + 1.3 - 1.2 

30 + + + + + 14.1 - 0.1 23.9 - 0.2 31.5 - 0.4 31.2 - 1.5 26.6 - 1.1 + 2.9 - 0.5 + 4.9 - 0.9 + 7.2 - 0.4 + 7.3 - 0.1 + 6.6 - 0.8 

45 
+ + + + + 14.0 - 0.3 24.4 - 0.5 31.4 - 0.4 30.4 - 1.1 26.6 - 1.2 + 2.8 - 0.5 + 5.1 - 0.6 + 7.2 - 0.4 + 6.9 - 0.1 + 6.6 - 0.8 

60 + + + ,,+ 6 + 14.5 - 0.8 23.7 - 0.6 31.0 - 0.6 30.1 - 0.5 2 .7 - 0.9 + 2.8 - 0.2 + 4.9 - 0.8 + 7.2 - 0.3 + 6.8 - 0.7 + 6.6 - 0.8 

120 + . + + + + 
14.5 - 0.4 23.8 - 0.6 30.8 - 0.4 30.7 - 1.5 25.5 - 0.5 + 3.3 - 0.3 + 5.2 - 0.8 + 8.1 - 1.0 + 7.2 - 1.0 + 6.3 - 0.7 

180 + + + + 6 6+ 14.1 - 0.8 22.8 - 0.9 30.6 - 1.3 30.8 - o. 25. - 1.4 + 3.2 - 0.8 + 5.2 - 1.0 + 6.4 - 0.7 + 1.4 - 0.1 + 6.3 - 0.8 

360 + + + + + 13.6 - 0.6 23.6 - 0.9 30.6 - 0.3 30.5 - 0.5 25.4 - 1.5 
+ 3.3 - 0.3 + 4.6 - 0.8 + 6.9 - 0.3 + 7.7 - 0.5 + 6.8 - 0.8 

1200 + + + + 6 + 13.9 - 0.5 23.9 - 0.6 30.6 - 0.8 30.4 - O. 25.2 - 1.3 + 3.3 - 0.9 + 2.9 - 0.4 + 7.3 - 0.8 + 6.2 - 0.3 + 5.8 - 0.5 

Mean of three replicates ! standard deviation 

W 
l~ 



the higher transitory tempera.ture optima found with short incubation 

times. Thus in experin:ents usir:g tel:1peratu!'es higher than the 15°C 

laboratorJ holding conditions, all specimens were preincubated for 

30 r.linutes at the appropriate tem,t:erature before rate dotermini.itiun. 

The effect of laboratory Roldin€) Conditions 

'rhroughout the course of the study ~. canadensis samples wore r.m.intair.ed 

under standard laboratory holdine conditions (15°C, 16:0 hour photoi)~riod, 

54 pE m-
2
s-

1 
(PAR) irradiance). As some rcP01,ts in the literature 

suggest that ~. canadensis exhibits winter dormancy (e.g. Sculthorpe, 

1967), the effect of standard holding conditions were tested on wint~r 

specimens to determine if such conditions might break 'dormancy' <md 

give higher metabolic rates than m:i.ght otherwise be expected. 

Comparisons between winter plants held under standard conditions and 

ones held under more realistic winter field conditions (5°C, 8s16 hour 

photoperiod, 36 pE m- 2s -1 (PAR) irradiance) indicated that there W~l.S 

no significant effect of such holdir.g condit.ions on photosynthetic 

and respiratory response to ter.'lJe.!.'ature (Table 2.6). Thus it is 

unlikely that the relatively short exposure (maximum 4 days) of wi.nter 

plants to the elevated temper;:ture and extp.ndcd photoperiod during 

laboratory holding had any effect on the outcome of investigations. 

The effect of Time of Day 

There V/:.lS evidence of diurnal effects on apparont photosynthesis of 

~. c::uw..densis leaves (T.'lble 2.7). At 24JO hours thE' percentage 

reduction in apparent photosynthesis was 11% compared to the maxintlffi 

rate achieved at 12.00 hours. However, the physiological activity of 

the material was very low, even for winter specimens, and this might 

indicate a greater potential fOl' diurnal effects in more active material. 



Table 2.6 The effect of laborator,y holding oonditions on apparent photosynthetic 02 evolution and 02 uptake in the dark 

of 2cm excised leaves of !. oanadensis. 

Light-saturated Photosynthetio Rate ~ 02/mg Ohl. min) Holding ________________________________________________ _ 

Temp. 
(°0) 

5 

15 

15°0 20°0 25°C 30°C 35°C 

17.7 ± 1.4 36.4 ± 1.5 39.6 ± 1.7 40.4 ± 2.5 30.8 ± 1.3 

17.4 ± 0.5 36.9 ± 1.1 40.8 ± 1.6 41.2 ± 2.1 32.3 ± 0.8 

Rate of Dark Respiration ~ 02/mg Obl. min) 

15°0 20°0 25°C 30°0 35°0 

2.6 ± 0.1 5.1 ± 0.4 5.1 ± 1.1 5.3 ± 0.2 2.8 ± 0.4 

2.7 + 0.1 4.8 + 0.2 5.3 + 0.7 5.6 + 0.6 3.2 + 0.4 - - - - -

Mean of three replicates ± standard deviation 

~ .. 



Table 2.7 The effect of time of day on apparent photosynthetic 

02 evolution and 02 uptake in the dark of 3cm excised leaves of 

~. canadensis. 

Time Light-saturated Rate of 
of Photosynthetic Rate Dark Respiration 

DBJ (}.l.g O,jmg Chl. min) ~g o,jmg Chl. min) 

10.00 11.2 + 0.1 4.9 ± 0.5 

12.00 16.9 + 0.5 4.8 ± 0.4 

15.00 16.6 + 0.4 4.9 ± 0.3 

18.00 16.0 ± 0.3 4.9 ±. 0.3 

21.00 15.2 ± 0.6 4.8 ± 0.3 

24.00 14.8 ± 0.3 4.1 ± 0.2 

03.00 15.1 ± 0.7 5.0 ±. 0.3 

06.00 16.1 ± 0.3 4.6 .±. 0.3 

09.00 16.4 ± ~0.2 4.9 ±. 0.2 

12.00 11.8 .±. 0.3 4.9 ±. 0.2 

15.00 11.2 ± 0.6 4.8 ± 0.3 

Mean of three replicates ± standard deviation 



Therefore in all experiments, rate determinations were always completed 

within the middle 8 hours of the photoperiod. In addition experimental 

treatments were randomised to avoid possible complications due to 

diurnal effects. 

The Role of HC0
3
- as the Carbon Source in Photosynthesis 

Many submersed aquatic plants are able to 'use' HCO) as a carbon source 

in photosynthesis (Sculthorpe, 1967; Steemann Nielsen, 1960) and yet 

photosynthesis declines with increased pH (Brown ~ ~., 1974; Kadono, 

1980; Shiyan and Merezhko, 1972; Steemann Nielson, 1960; Van ~ ~., 

1976). Such a decline may indicate a preference for free CO2 as the 

carbon source in photosynthesis (Kadono, 1980; Raven, 1970; Van ~ al., 

1976) since free CO2 declines with increasing pH whilst HC0
3
- increases. 

Controversy exists about the role of HC0
3
- in photosynthesis of aquatic 

plants. Early claims of HC0
3
- utilization as a carbon source in 

photosynthesis were based upon pH increases in unbuffered media but 

such increases in themselves cannot indicate either photosynthesis 

(Thomas and Tr~gunna, 1967) or HC0
3
- utilization (Raven, 1970). Recent 

studies have suggested that there is little or no HC03- utilization in 
• 

E. canadensis (Brown et al., 1974) and therefore investigations were - --
performed on~. canadensis in an attempt to clarify the role of HCO)-

in photosynthesis. If this were so the use of HC0
3 

as a carbon source 

would give the plant a competitive advantage over non-HC0
3
- users in 

alkaline waters where h~03 - is a !'r.3.jor inorga.nic carbon source 

(Hutchinson, 1957; 1975; Sculthorpe, 1967). 
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The data in Table 2.8 shows th~t photosynthesis of both 1cm and 6cm 

leaves under 0.5m11 total in~rganic carbon WIi.S greatest at low pH 

and declined rapidly above pH 6 to give ve~J low photosynthetic 

rates at pH 9. In contrast, photosynthesis was constant over the 

same pH ral1.ge when 0.5 roM free CO2 was employed. The decline under 

constant total inorganic carbon is consistent with reports of similar 
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reductions in other aquatic macrophytes (Brown et al., 1974; Kadono, 1980; 

Shiyan and Merezhko, 1972; Steer:ta.nn Nielsen, 1960; Van ~ al., 1976). 

The fact that in the present investigation photosynthetic rates were 

restored to high levels by incre~sing the concentration of free CO2 

to that encountered at low pH indicates that pH per ~ was not 

affecting photosynthesis but was acting through and causing a decline 

in free CO2• 

The effect of Tris-HOi buffer concentration, pH 7.5, on oxygen exchange 

of !. canadensis was tested and did not cause any significant 

depression of photosynthesis except at a concentration of 100 rut, i.e. 

twice the concentration used in all investigations (Table 2.9). Neither 

did Tris-Hel. cause any depression of oxygen exchange when compared with 

several other buffers (Table 2.10). These results, together with the 
• 

fact that there was no significant difference between photosynthesis 

+ -1 -1) 
at pH 7 under 50 mM NaCitrate-Na~P04 (28.7 0.8 f g 02 mg Chl min 

+ -1 -1) and that at pH 7 under 50 roM Tris-HCl (27.7 1.1)l8 02 mg ChI min 

sugeest that the decline in photosynthesis observed with increasing pH 

was not ca.used by the buffer but by pH induced changes in the proportion 

of CO2 and HC0
3
- as carbon sources for photosynthesis. 



Table 2.8 The effect of pH on apparent photosynthetic 02 

evolution under constant total inorganic carbon (TC) or constant 

free CO2 (Fe) concentrations of 10m and 6cm excised leaves of 

E. canadensis. 

pH 

5 

6 

1 

8 

9 

Light-saturated Photosynthetic Rate (~g O~mg ChI. min) 

10m 6cm 

0.5 roM TC 0.5 roM FC 0.5 mM TC 0.5 mM Fe 

45.1 ±. 3.3 45.1 ± 3.3 39.1 ± 1.4 39.1 ± 1.4 

42.8 ± 3.9 45.4 + 3.6 34.9 ±. 1.2 31.1 ±. 0.8 

38.8 ± 1.0 44.3 ± 1.9 32.6 ± 1.3 38.9 :t 0.8 

9.1:t 1.0 44.2 ±. 3.0 10.1 + 1.6 38.9 :t 3.4 

1.6 ±. 0.3 44.0 ±. 2.1 1.2.:!:. 0.2 32.5 :t 0.9 

Mean of three replicates ± standard deviation 
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Table 2.2 The effect of Tris-HOl, pH 7.5, on apparent photosynthetic 

02 evolution and 02 uptake in the dark of 1cm and 6cm excised leaves of 

!. canadensis. 

Conc. 
(mM) 

12 

25 

37 

50 

15 

100 

Light-saturated Rate of 
Photosynthetic Rate 
(J18 °2/ mg Chl. min) 

Dark Respiration 
(pg 02/mg Chl. min) 

1cm 6cm 1cm 6cm 

38.5 ± 3.0 27.1 ± 1.3 7.0 + 1.0 4.5±0.7 

39.4 + 1.9 28.3 ± 2.3 6.6 ± 1.0 5.2 ±. 0.3 

37.8 :t 1 •6 28.2 ± 2.3 6.8 ± 1.0 5.2 ± 0.2 

39.6 ± 3.1 28.9 ± 2.1 7.1 ±. 1.1 4.2 ±. 0.7 

39.5 ± 1.9 25.3 ± 2.2 8.5 ± 1.2 4.1 + 0.5 

32.5 ± 2.4 12.1 ± 2.0 9.5 ±. 0.5 3.8 ± 0.5 

Mean of three replicates ± standard deviation 

Table 2.10 The effect of different buffers on apparent photosynthetic 

O2 evolution and O
2 

uptake in the dark of 1cm and 6cm excised leaves of 

E. canadensis. 

Light-saturated Rate of 
Photosynthetic ,Rate Dark Respiration 

Buffer (pg O;;rI18 Chl. "min). (Pg 02/mg Chl. min) 

1cm 6cm 1cm 6 6cm 

Tris-HCl 31.1 ± 2.7 28.6 ± 0.4 5.9 ±. 1.1 4.6 ±. 0.5 

Tris-RN0
3 37.1 :t 1.2 28.9 ± 2.6 6.7 ± 0.5 4.9 ± 0.5 

Tris-~S04 38.1 ±. 1.1 28.2.t 1.1 6.6 :t. 0.7 4.9 :t. 0.4 

Hepes 37.8 ± 1.1 29.8 .±. 1.9 5.7 ±. 1.0 4.1 ±. 0.2 

Tricine 36.5 :t 1.7 29.7 ± 1.3 6.1 :t 1.3 3.9 + 0.2 

Bes 36.8 ±. 0.7 28.4 ± 2.4 7.3 ±. 0.2 4.8 ±. 0.4 

Mean of three replicates ± standard deviation 
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Kadono (1980) has used the ratio of photosynthesis at pH 8.5 , pH 5 

as an indication of the ability of an aquatic plant to utilize HC0
3
-

as a carbon source in photosynthesis. A high ratio (0.3 to 0.5) was 

characte ristic of plants able to use HC0
3 

whilst a low ratio ( < 0.1) 

was characteristic of non-HC0
3

- users. Values of photosynthesis at 

pH 8.5 in 1cm and 6cm 1£. canadensis leaves were estimated by 

interpolation of the graphed data contained in Table 2.8. These were 

-1 -1 
4.0 and 3.5)1g 02 mg ChI min respectively, and gave a ratio of 0.09 

in both types of leaf and therefore confirms the suggestion that 

E. canadensis haa a poor ability to use HC0
3

- in photosynthesis 

(Brown ~ al., 1974). 

Another method of determining the ability of a plant to utilize IIC0
3 

for photosynthesis is to compare its photosynthesis at pH 4 with that 

at pH 8. If photosynthesis is enh:-mced at pH 8 compared to that at pH 4 

for a given subsaturating CO2 concentration then HC0
3
- utilization is 

inferred (Raven, 1970; Steemann Nielsen, 1960). In Fieure 2.1, 

photosynthetic rates of 1c~ and 6cm~. canadensis leaves as a function 

of free CO2 concentration, are compared at pH 4 and pH 8. It waS 

assumed that at pH 4 free CO2 ',comprised 99% of the total inorganiC 

carbon whilst at pH 8 it was only 2.5% (Hutchinson, 1957). For each 

leaf the maximum photosynthetic rates were similar at ~H 4 and pH 8 

but the HC0
3 
- concentration re::uired to saturate photos~mthesis at 

pH 4 was 0.4 and 0.2 mM compared with 16 al'ld 8 mU at pH 8 in 1cm und 

40 

6cm leaves respectively. In each type of leaf the free CO2 concentration 

required to saturate photosynthesis was similar. There was no evidence 

that high pH per ~ had a direct effect on photosynthesis especially as 

the photosynthetic rate at subsaturating CO2 concentrations at pH 8 Wfl.S 

greater than at PH4. 



Figure 2.1 Photosynthetic rates of 1 em (tow and 6 em (bottom) 

excised leaves of E. can~densis at pH 4 (0) and pH 8 (e) as a 

function of the free CO2 concentration. For reference the total 

inorganic carbon (NaHC0
3

) concentration is also shovm. The ass~ 

solution was a modified Forsberg medium No. II containing 50 roM 

NaCitrate-Na~P04 at pH 4 or 50 roM Tris-HCl at pH 8. Oxygen 

o -2 -1 
exchange was deter~ned at 20 C at a PAR irr~diance of 290 pE m s • 

All data points represent the mean of triplicate determina.tions. 

Bars indicate LSD at P = 0.05 for comparing anyone mean on a line 

with any other mean on the same line. 
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This type of enhancement is usually attributable to HC0
3 

supplementing 

free CO2 use (Raven, 1970; SteeL13.Iln Nielsen, 1960). Hmvever, the 

affinity of RuBP carboxylase for CO2 is increased at high pH and 

HC03- concentrations (Bowes et ~., 1975) and this fact may provide 

an alternative explanation for enhancement (Van et al., 1976). Indeed 

the apparent Km(C02) was reduced with increased pH and 1cm E. canadensis 

leaves had an apparent Km(C02) of 125~! at pH 4 which was reduced to 

10 pM at pH 8. A sir:rl.lar trend has been reported in th~ee other aquatic 

macrophytes (Van ~ ~., 1976). 

Thus the lack of conclusive evidence for RC0
3 

use in~. canadensis 

together with the distinct preference for CO2 as the carbon source in 

photosynthesis (Table 2.8) and the high concentration of HC0
3 

required 

to saturate photosyntheses (Figure 2.1) would suggest that this species 

does not have a competitive advantage under the high pH conditions 

which often occur in the Leeds and Liverpool Canal. 

CONCLUSIons AND ADOPTION OF STANDAiID PROCEDUE FOR UEASUIE!;1ENTS 

Investigations into the effect of laboratory holding conditions and 

experimental techniques indic.~ted that these did not significantly 

affe~t 02 exchange characteristics of !. canadensis leaves. Removal 

of epiphytes by gentle brushing of the leaves and rinsing in several 

changes of water did not significcntly affect subsequent rates (Table 

2.1). Neither did the nur!lber of leaves in the! re:~ction vessel 

(Table 2.2), but since 02 exchange rates of older leaves were lesR 

than those of younger ones, only the three leaves of a whorl Vlere 

used so that they ..,;ere of simih.r nee. 
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Oxygen exchenge rate3 were sta1)1!; for 7 d~l.y3 after co11<':0 tion 

(Table 2.3) and for at least 95 minutes after leaf excision (Tab18 ~.4). 

o 
20 C rdsul ted in hi.:;h initii-J.l 02 exch,wge rutes which declined to 

stablp. levels within 15 to 30 J:1inute3 of Qxperiencine t:°l'1t teml>eri.l.t;~:ce 

(T:;.ble 2.5). 

The O2 exchange characteristics of winter sanples rnaint<lined uncler 15°C, 

6 -2 -1 ( ) 1 : 8 hour photoperiod, 54)lE ill s PAR irradiance was not 

o significantly different to those held und'Jr 5 C, 8 : 16 hour phot.operiod, 

34)lE m-
2

s -1 (PAR) irradiance (Table 2.6). However the photosynthc:Jis 

of winter specimens of §. canadensis was reduced by 11~~ at 24.00 

compared to 12.00 hours (Table 2.7) therefore sueeestinG the presence of 

diurnal effects on the photosynthesis of this plant. 

Photosynthetic rates of .£;.. c;:mi.d,~r:sis declined above pH 6 to give very 

lo\v readinGS at pIT 9, when 0.5 rrL.: tota.l inorganic carbon was pre3cn L. 

However rates remained hiGh ovor the whole pH range if the sup;:ly of 

free CO2 was maintained at 0.5 dii (Table 2.8). It ~Iould appear that the 

decline is associated with ~ pH induced decrease in CO2 concentration 

at high pH. Results also sueEost that there is a strong preference for 

CO2 as the carbon source in photosynthesis and the value of 0.09 for 

the ratio of photosynthesis at pH 8.5 : pH 5 sUGGests that 

~. cana.densis has a poor ability to use EC0
3 
-. The d<'cline at hieh 

pH undur cons tant total incoccan.ic earton · .... :lS no t due:; to (31 ther t:l,' 

buffer or its concentration since 50 rr!I Tris-HCl did not cause a 

reduction in oxygen exchange compared with lower concentrations ('rabic 2.9) 

or other buffers (Table 2.10). 



Photosynthesis at a given subsaturdting free CO2 concentration was 

greater at pH 8 that at pH 4 (Figure 2.1). This type of enhance:ncnL 

is usually ascribed to HCO) use in photosynthesis but could also be 

caused by the increased affinity of RuRP carboxylase for CO2 at high 

pH and HCO)- concentrations. This may be so in E. canadensis since 

the apparent Km(C02) of photosynthesis was reduced '.vith increased p]. 

Thus no evidence of substantial HCO)- use was found in this species. 

The standard procedure adopted for colleotion, laboratory maintenance 

and physiological measurements were:-

1. Plant sanples were collected by grapnel from an unpolluted, 

non-shaded stretch of the Leeds and Liverpool Canal near Aintree, 

Merseyside (O.S. 393990). Only undamaged main ,terns, grovling vertically 

in the water column were collected. They were transported to the 
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laboratory in canal water, the journey time was approximately 20 minutes. 

2. Plant material was maintained for up to 4 days in large glass 

tanks containing canal water at 15°C. Plants were exposed to a 16 hour 

-2 -1 ( ) photoperiod of 54JiE m s P;~ irradiance no matter what season of 

the year. 

). Prior to leaf excision, plants were incubated for 30 udnutes at 

the appropriate temperature. The three leaves of a whorl were excised 

by gently pulling them from the stem with a pair of forceps. If 

necessary epipytes were removed by gentle brushing and rinsing in 

several chanses of water. 

4. The brushed, excised lee-ves 'flere placed directly into the O~ c: 

electrode which contained a modified Forsberg medium II including 

suitable buffers (50 mM NaCitrate-Na~P04 for pIT 5 to 6, or 50 ml! 

-1 
Tris-HC1 for pH 7 to 9), and unless otherwise indicated ca. 9.5 rug 02 1 . 



The electrode was sealed and photosynthesis initiated by injecting 

concentrated UaHC0
3 

to give a final concentration of 2.4 rrl.f total 

inoreanic carbon. 

5. Hates of 02 exchange Vlere calculated from the slope of the 

recorded changes in dissolved 02. The stated 02 concentration 

( + -1) represented the mid-point of the range up to - 0.5 me 02 lover 

which the rate was determined. Apparent photosynthesis was measured 

as 02 evolution in the light, and dark respiration as 02 uptake after 

the 02 electrode had been covered with several l~ers of close fitting 

aluminium foil to exclude light. 

6. Rate determinations were always completed within the middle 8 hours 

of the photoperiod, and experimental treatments were randornised to 

avoid possible complications due to diurnal effects on 02 exchance • 

1. The leaves were removed from the 02 electrode after 02 exchange 

rate determinations, which was usually within 30 minutes of excision, 

except in the oase of irradiance response investigations which were 

completed within 90 minutes of excision. They were then rinsed and 

stored in Forberg medium II at 10°C until the evening when chlorophyll 
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content waS determined by the method of Arnon (1949) as already described. 

Other methods or modifications special to each part of the study are 

introduced in the appropriate methods sections e.g. the glycolate 

oxidase assay is described in Section 5. 



During the summer months water bodies ~ be exposed to supersaturation 

with 02' increased pH, elevated temperatures and increased surface 

irradiances. These conditions have been shown to retard growth of 

Elodea canadensis, and their effects have been suggested as the likely 

cause of the afternoon depression of photosynthesis in submersed 

water plants. Therefore, this section describes the results of 

investigations into the effects of environmental conditions that 

arise during the summer on the photosynthesis and respiration of 

!. canadensis, and attempts to relate these results to observations 

of this plant's performance in the Leeds and Liverpool Canal. 

47 



3. THE INFLUENCE OF ENVIROIDlENTAL FACTORS ON APPARENT PHOTOS~THESIS 
AND RESPIRATION OF THE SUB18RSED 1'ACROPHYTE ELODEA CANADENSIS 

(This section of the thesis has recently been published in Plant. Cell 

and Environment, 1, 415-428 (1980), but in the thesis, reference will 

only be made to the thesis section rather than to the actual published 

article). 

ABSTRACT 

Oxygen effects on apparent photosynthetic and dark respiratory 02 

exchange rates of detached leaves of Elodea canadensis 1lichx. 

(Hydrocharitaceae) were determined over a range of conditions which the 

submersed plant is likely to experience in shallow water. Apparent 

photosynthesis is inhibited by 02 under all the experimental regimes of 

light, temperature, CO2 concentration and pH. This inhibition is not 

caused solely by an accelerated rate of dark respiration, and the 

observed variations in 02 inhibition are comparable to 02 effects on 

photosynthesis and photorespiration of terrestrial C
3 

plants. Percentage 

inhibition of apparent photosynthesis is enhanced by high 02 and also by 

low CO2" These results indicate that high 02' high pH and low CO2 

conditions could cause major losses in photosynthetic activity under 

field conditions. This may account for some of the losses in biomass 

that are observed under still water conditions. 

INTRODUCTION 

It is often thought that the aquatic environment provides more equable 

conditions for plant growth than does the terrestrial one. Submersion 

in water normally provides protection from freezing during the winter 

(Westlake, 1911) and temperature fluctuations are much less violent than 

in the aerial environment (Sculthorpe, 1911). It is sometimes suggested 

that photosynthetic gaseous exchange is more favourable in water than on 
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land, because CO2 is more soluble in water than is 02 (Hutchinson, 1957). 

It is true that 1 m3 of pure water in equilibrium with air at S.T.P. 

containS 25 mMoles CO2 and 442 mMoles 02' and that the CO2 is 

supplemented by HC03-, often in substantial amounts in most natural 

waters, whereas the same volume of air has only 15 mMoles CO2 but 93,3 

mMoles 02. However, this advantage is in practice counter-balanced by 

the much lower coefficiAnts of moleoular diffUsion of both gases in 

water than in air (HUtchinson, 1975; Westlake, 1971), and by the lower 

mobility of the medium in all but fast-flowing waters. As a consequence, 

02 and CO2 disequilibria can build up in the medium surrounding 

photosynthesizing waterplants to extents without parallel in terrestrial 

vegetation. 

The plant-induced changes in the body of water are likely to be 

disadvantageous to the assimilating plant, especially in dense stands 

of submersed aquatic plants under conditions of high surface irradiance. 

Such plant-induced changes include supersaturation of the water with 02' 

reduced availability of CO2 and HC0
3
-, increased pH and also increased 

temperature (Bamforth, 1962; Brown et al., 1974; Dale and Gillespie, 1977; 

Ganf, 1974; Goulder, 1970; Moss, 1969: Van, ~ ~., 1976). These are 

conditions which are conducive to high rates of photorespiration in 

those plants which exhibit this phenomenon (e.g. Goldsworthy, 1970; 

Jackson and Volk, 1970; Zelitch, 1971). Whilst estimates of the 

magnitude of photorespiration vary, in terrestrial plants it may account 

for 50% or more of the carbon assinilation (Zelitch, 1971), and c18urly 

can be a phenomenon of potential importance in plant productiVity. 

Recent investigations have established the presence of photorespiration 

and related 02 effects on apparent (net) photosynthesis and CO2 
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compensation points of aquatic plants (Brown et al., 1974; Helder et al., 

1974; Hough, 1974. 1976; Hough and Wetzel, 1972, 1978; Kutyurin et al., . . --

1964; Prins and Wolff, 1974; Spndergaard, 1979; Tolbert and Osmond, 

1916; Van et al., 1916). It has been suggested by Hough (1974) that 

submersed plants ~ photorespire le3s than terrestrial ones because 

the maxima reached by 02 concentrations, light and temperature all tend 

to be lower in water than air. On the other hand, Hough (1974) also 

points out that diffusive losses of photorespired CO2 may be rather slow 

from aquatic plants, and that some of the CO2 may be retained in the gas 

lacunae, thereby permitting extensive refixation, leading to under-

estimation of the true magnitude of photorespiration. However, 

Elodea canadensis Michx. (aydrooharitaceae) has few gas lacunae in the 

leaves, which are only two oell l~ers thick, and as a consequence, the 

refixation in this species is probably minor (Spndergaard, 1979). 

!. canadensis may attain large standing crops in shallow, slow flowing 

waters, and although there have been isolated reports of 02 effects on 

its CO2 compensation point, photosynthesis and light-mediated CO2 

evolution into CO2 free air (Brown et ~.t 1974; Kutyurin ~ ~., 1964; 

Spndergaard, 1979), the possibl~ combined effects of 02 and other plant

induced changes in the water and consequent effects on the plant's 

photosynthetic productivity have not been determined. 

This present stu~ was initiated, first to investigate the effects of 

plant-induced changes in the water on photosynthetic productivity of 

!. canadensis. A seoond aim was to determine whether such effects could 

be involved in Budden, drastic reductions in~. canadensis biomass 

observed over a number of years in the Leeds and Liverpool Canal, 

Merseyside, during periods when light, temperature and nutrient supply 
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appeared otherwise favourable for cont inuing growth of the population 

(J.W. Eaton, personal communication). During such periods the water was 

clear, and the main gro~th zone of the weed beds was in the top O.5m 

of the canal, so the growing tips of !. canadensis received abundant 

light. Water conditions in this zone changed drastically, especially 

on calm, sunny days. The 02 concentration rose from normal 90-10q(o 

saturation to 150-20o%.saturation, pH rose from pH 1.0 - 1.5 to 

pH 9 - 10, and the temperature was up to 50 C higher than in the open 

water, reaching a maximum of 250 C. Since these were the field conditions 

within which growth and sudden collapse of biomass were observed, the 

experiments reported here were designed to investigate the photosynthetic 

and respiratory behaviour of the plant within these ranges of 02' pH and 

temperature. 

MATERIALS AND METHODS 

Plant Material 

Samples of !. canadensis were collected from the Leeds and Liverpool 

Canal, near Aintree, Yerseyside (0.5. 393990). 
o Plants were kept at 15 C 

-2 -1 ( ) in canal water under a 16 hour photoperiod, 54 p.E m s PAR. 

Photosynthetic and respiratory oxygen exchange rates were made within 
, 

4 d~s of collection. Preliminary experimen~s indicated that the decline 

in oxygen exchange of detached~. canadensis shoots after 24 hours noted 

by Brown ~ al. (1914) was not evident in these specimens, and that 

rates remained constant for seven days. 

Epiphytes were removed, when necessary, by lightly brus hing leaves and. 

rinsing them in several changes of water prior to oxygen exchange rate 

determinations. Tests using non-epiphytised apical leaves showed that 

this treatment did not affeot subsequent recorded rates. 
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Photosynthetic and Respiratory Rate Determination 

Unless otherwise indicated, photosynthetic and respiratory rates were 

measured as oxygen evolution or upt~~e at 200 0 using a Clark-type 02 

electrode (Rank Brothers, Cambridge). The reaction vessel was 

illuminated with a 250-W projector bulb to a saturating incident light 

-2 -1 ( ) intensity of 290 pE m s PAR. Light intensity was varied, when 

necessary, by altering the distance between the light source and the 

reaction vessel. 

Three leaves from a whorl 3cm below the apex were excised and directly 

placed in the oxygen electrode in 3 cm3 of Forsberg medium II (Forsberg, 

1965), modified by omission of Na2Si0
3 

and carbon sources. Buffer 

components were varied to cover the required pH range, i.e. 50 mM 

NaCitrate-NaE2P04 for pH 5 to 6, 50 roM Tris-HCl for pH 1 to 9. 

Preliminary studies at the junction between these two buffets pH ranges, 

indicated no significant difference in photosynthetic rate with buffer. 

Photosynthesis was immediately initiated by injection of 0.1 cm3 of 

NaHC0
3 

solution, to give. a final concentration of 2.4 ~ HC03-, which 

approximated to that present in the canal water. In experiments at 

higher HC0
3

- concentrations, t~e buffering capacity of the added HC03-

was compensated for by addition of predetermined amounts of 0.2 M Hel. 

All treatments were run in triplicate. 

The buffered solutions were sparged with appropriate gases (N2 and/or 

02) to give the desired initial 02 concentration, prior to immersion 

of the leaf samples and injection of HC03- solution. 

Rates of 02 exchange were calculated from the slope of the recorded 

changes in dissolved 02' the stated 02 concentration representing the 

mid-point of the range over which the rate was determined. This range 
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-1 was up to ± 0.5 mg O2 ~ • To avoid any possible complications due to 

diurnal effects on oxygen exchange rates, rate determinations were 

always completed in the middle 8 hours of the photoperiod, and 

experimental treatments were r~~domised. The method of Arnon (1949) 

was used for all chlorophyll determinations. 

Data Analysis 

The significance of differences between means of the triplicated 

experimental treatments waS tested by analysis of variance, and 

subsequent conservative comparison of means by Tukeyts Least. Significant 

Difference LLsn (Tukey17 or Orthogonal Least Significant Difference 

LLSD (Orthogonall1, as appropriate (Winer, 1971). The analyses were 

performed on raw, untransformed data except where noted otherwise, using 

the University of Liverpool ZIF 1~. 6 statistical package, on computer. 

Results for the 95% probability level (p~0.05) are shown as bars on 

Figures 3.1 to 3.9. The nature and application of each individual test 

is given in figure captions, and all the results discussed subsequently 

are statistically significant on the above criteria. 

RESULTS AND DISCUSSION 

The effect of Oxygen Concentra~ion on O;ygen Exchange 
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At pH 1.5 and in the presence of 2.4 mM HC03- the light-saturated photo

synthetic 02 evolution decreased linearly with increasing 02 concentration 

up to 16 mg 02 ~-1 (Figure 3.1). Above this 02 concentration (approximately 

115% air-saturated at 200C) the departure of apparent photosynthetic 02 

evolution from linearity may be due to the presenoe of 02 bubbles in the 

medium causing an underestimation of 02 evolution. Similar problems 

with 02 evolution measurements under supersaturated conditions have been 

reported (e.g. Brown ~ ~., 1974; Dromgoole, 1978). 



Figure 3.1 Apparent photosynthetic 02 evolution, and 02 uptake in 

the dark by ~. canadensis leaves at different 02 concentrations. 

The assay solution was a modified Forsberg medium No. II containine 

2.4 mM total inorganic carbon and 50 mM Tris-HCl, pH 7.5. Oxygen 

o -2 -1 exchange was determined at 20 C at a PAR irradiance of 290 pE m s 

or in darkness. All data points in this and subsequent figures 

represent the mean of triplicate determinations. Bars indicate 

LSD (Tukey) at P ~ 0.05 for comparing anyone mean on a line with 

any other mean on the same line. 

5 ·1 



• , • 'I 
~I 

-

o~ 20 ~ 

!. -

-..... --
I .-..,..~ -----. . --....~.-~---.-.- J 

I -10 _ • 
5 

I . 
15 

10 1-1 ) 
ntration (~ Qlcygen Conoe 

-L_ 
20 

55 



Dark respirator,y 02 uptake increased with increasing external 02 

concentration (Figure 3.1). Whilst dark respiration in most plants is 

unaffected by an atmospheric 02 concentration above 2% (Jackson and Volk, 

1970), the 02 consumption rates of aquatic plants have been shown to 

increase with increasing dissolved 02 concentration within the range 

1.2 - 17 mg 02 ~-1 (Owens and Maris, 1964). 
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Dark respiration may be inhibited in the light in most plants (e.g. 

Jackson and Volk, 1970; Zelitch, 1971) but the existence of relatively 

high CO2 compensation points in some aquatic plants at 1% 02 (Van ~ ~., 

1916) has been used to argue that dark respiration may continue in the 

light (Benedict, 1918). However, the CO2 compensation point of 

!. canadensis has been shown to fall to almost zero at low 02 concentrations 

(Brown ~ al., 1914) and by a similar argument it could be suggested that 

light suppresses dark respiration in this species. Whether or not 

this is so, the observed increase in dark respiration rate with increased 

02 in this present study never equalled the observed decrease in apparent 

photosynthetic 02 evolution. It would thus appear that the observed 

decrease in apparent photosynthetic 02 evolution with increasing 02 

cannot be wholly accounted for ~y a concomitant increase in dark 

respirator,y 02 uptake, even supposing that this process continues in 

the light. 

Although several mechanisms have been proposed to account for 02 inhibition 

of photosynthesis, often termed the Warbure effect, Zelitch (1971) considers 

that the most important is the stimulation of photorespiration. 

The effect of Teoperature on Oxygen Exchanee 

Preliminar,y studies (data not presented here but see Table 2.5) showed 



o 
that above 20 C photosynthetic and respirato~ oxygen exchange were 

initially high, but declined to lower stable rates within 15 to 30 minutes. 

All the data presented were obtained after 30 minute incubation. 

Increased external 02 concentration resulted in a decreased apparent 

photosynthetic 02 evolution rate at all experimental temperatures 

(Figure 3.2). Oxygen evolution and external 02 concentration showed a 

linear relationship which permitted extrapolation to zero 02 for 
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calculation of the 02 inhibition of apparent photosynthesis data. Increasing 

02 concentration also resulted in increasing dark respiratory 02 uptake 

rates at all temperatures, although again this increase in respiratory 

rate was far too small to explain all the observed decrease in apparent 

photosynthetic 02 evolution. Photosynthetic and respiratory rates were 

determined for two additional temperatures at 10 mg 02 ~-1 (Figure 3.2) 

and on the basis of these results and other similar experiments (see 

Section 5) temperature optima for both apparent photosynthesis and dark 

respiration appeared to be between 2500 and 300 0. 

Increasing temperature and 02 both resulted in increased inhibition of 

photosynthesis (Figure 3.3a). Such an increase in 02 inhibition of 

photosynthesis is explainable or~ the basis of the greater increase in 

RuBP oxygenase activity with increaSing temperature reported for spinach 

(Badger and Andrews, 1974) and soybean (Laing ~ ~.t 1914) Apparently 

there was no marked upward displacement of the temperature optimum for 

photosynthesis at low compared with more natural 02 tensions. These 

~5ults agree with some reports for terrestrial plants where photosynthesis 

was compared at low and at atmospheric concentrations of 02 and maximum 

02 inhibition was found at the temperature of maximal photosynthesis 

(e.g. Hofstra and Hesketh, 1969; Xu and HUnt, 1913; Xu ~ ~.t 1911). 



Figure 3.2 Apparent photosynthetic 02 evolution, and 02 uptake in the 

dark by ~. canadensis leaves at different temperatures under 2 (0), 

5 (A), 10 (e) and 15 (D) mg 02 1-1• Other assay conditi.ons were as 

described for Figure 3.1. Bars indicate LSD (Tukey) at p~ 0.05 

for comparisons between 02 concentrations at anyone temperature, the 

data points at 35 and 40°0 being excluded. 
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Figure 3.3 The effect of temperature on A: 02 inhibition of apparent 

photosynthesis, and B: percentage inhibition of apparent 

photosynthesis qy 02 in!. canadensis leaves under 2 (0), 5 (A), 

10 (.) and 15 (0) rug 02 1-1 • Inhibition is expressed relative to 

the estimated rate at zero C2. Assay conditions were as described 

in Figure 3.2. Bars indicate LSD (Tukey) at p~ 0.05 for comparisons 

between 02 concentrations at anyone temperature. 
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However, the present results disagree with other reports (e.g. Hew et al., 

1969; Jolliffe and Tregunna, 1,968; Pearson and Hunt, 1972) in which 

maximal inhibition was found about 10 to 15°C higher than maximal 

photosynthesis. The present study casts no light on the reasons for 

this descrepancy. 

Percentage inhibition of apparent photosynthesis by 02 (Figure 3.3b) 

increased with increasing °2 , but apparently represented a constant 

fraotion of apparent photosynthesis at 10 to 15°C and only increased 

signifioantly above 15°C. 

The effect of CO2 on Oxygen Exchange 

Oxygen increased the apparent Km (HC03-) for photosynthesis from 1.2 mM 
-1 -1 

at 2 mg 02 1 to 1.9 mM at 10 mg 02 1 but did not alter the maximal 

velooity (Figure 3.4), indicating that 02 was a competitive inhibitor 

of photosynthesis with respect to CO2• Similar types of response have 

been described for terrestrial plants in response to CO2 concentration 

at atmospherio and low 02 tensions (e.g. Jolliffe and Tregunna, 1968; 

Ku ~ ~., 1971; Servaites and Ogren, 1918). Increased 02 again increased 

dark respiratory 02 uptake, but not as muoh as it inhibited apparent 

photosynthesis, exoept at the two highest HC0
3

- ooncentrations which 

were 6-12 times greater than those experienced by the plant in the field. 
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Oxygen inhibition of apparent photosynthesis remained relatively constant 

over the HC03- range 0.15 mM - 2.4 mM, and thereafter declined (Figure 3.5). 

In contrast, percentage inhibition of apparent photosynthe3is by 02 

exhibited an exponential-type decline from 54% at 0.15 mM to 3% at 

12 mM HC0
3
-. Similar results have been reported for terrestrial crop 

plants (e.g. Jolliffe and Tregunna, 1968; Ku et al., 1911). However, the 



Figure }.4 Apparent photosynthetic 02 evolution, and 02 uptake in 

the dark by~. canadensis leaves at different HC03- concentrations 

under 2 (0) and 10 (.) mg 02 1-1 • Other assay conditions were as 

described for Figure 3.1. Bars indicate LSD (Orthogonal) at p~ 0.05 

for comparisons between 02 concentrations at anyone HC03-

concentration. 
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Figure 3.5 The effect of HC03- concentration on 02 inhibition of 

apparent photosynthesis (0) and percentage inhibition of 

photosynthesis by 02 (.) in]. canadensis leaves. Assay conditions 

were as described in Figure 3040 Bars indicate LSD (Tukey) at p ~ 0.05 

for comparing anyone mean on a line with arw other mean on the same 

line. 
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observed decrease in percentage inhibition with increasing HC0
3
-

concentration differs from the report of Spndergaard (1979) that in 

~. canadensis an increase in free CO2 concentration from a non

saturating 160 pM to near saturation at 900JiM (at pH 5) did not alter 

the relative rates of photosynthesis at high and at low 02 concentrations. 

No reason for this discrepancy can be found. 

The repression of 02 inhibition of photosynthesis by either increasing 

the HC0
3
- concentration or decreaSing 02 (Figure 3.4) fits a current 

theory on the mechanism of 02 inhibition of photosynthesis, i.e. that 

02 competes with CO2 for the same site on RuBP carboxylase (Andrews et al., 

1971, 1973; Ogren and Bowes, 1971; Bowes, ~ ~., 1971). 

The effect of pH on Oxygen Exchange 

At constant total inorganic carbon (2.4 mM) the light-saturated photo

synthetic 02 evolution was maximal at pH 5 to 6 and declined thereafter 

to give very low rates at pH 9 (Figure 3.6). These results are consistent 

with those in other reports of a decrease in photosynthetic rates of 

submersed a~uatic macrophytes as the pH of the bathing medium increased 

(Brown ~ ~., 1974; Shiyan and Merezhko, 1972; Steemann Nielsen, 1960; 

Van ~ al., 1976). 

Oxygen inhibition of photosynthesis was greatest at pH 7.5 whilst 

percentage inhibition of photosynthesis by 02 increased from 3% at 

pH 5 to 45% at pH 9 (Figure 3.7). The observed increase in percentage 

inhibition of photosynthesis by 02 is consistent with reports for 

isolated chloroplasts (Dodd and Bidwell, 1971; Robinson, ~ ~., 1977) 

As the pH of the bathing medium increases, at constant inorganic carbon, 

the e~uilibrium between CO
2 

and HC0
3
- shifts towards HC0

3
-,whilst the 

effect on 02 is negligible. Thus the data in Figure 3.7 do not show 
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Figure 3.6 Apparent photosynthetic O2 evolution, and 02 uptake in 

the dark by!. canadensis leaves at different pH values under 2 (0) 

and 10 (.) mg 02 1-
1

• Assay conditions were as described for 

Figure 3.1 except that the assay solut i on was buffered with 50 mM 
7 

NaCitrate-N~P04 at pH 5 and 6, am 50 roM Tris-HCl at pH 7 to 9. 

Bars indicate LSD (Orthogonal) at p ~ 0005 for comparisons between 

~ concentrations at anyone pH. Analys is of the raW 02 evolution 

data only, showed positive correlation between residuals and the 

treatment effects, but square root transformation yielded ~ignificant 

results. For reasons of consistency, the raw data are plotted. 

68 



C\I o 

40 

30 

20 

o 

I 

• 

l---------------------:~o~-::--~o~~::=~ ~.-. o/'" I 
• 

69 



Figure 3.7 The effect of pH on ~ inhibition of apparent photo

synthesis (0) and percentage inhibition of photosynthesis by 02 (.) 

in!. canadensis leaves. Assay conditions were as described in 

Figure 3.6. Bars indicate LSD (Tukey) at P ~ 0.05 for comparing 

anyone mean on a line with any other mean on the same line. 
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that 02 is intrinsically more inhibitor,y at high pH, but demonstrate 

the effect of reduced availability of CO2 at high pH and consequent 

less successful competition of CO2 with 02 for RuBP carboxylase. 

The effect of Light on Oxygen Exchange 

Fhotosynthesis was light-saturated at an irradiance of 290 pE m-2s-1 (PAR) 

at both 2 and 10 mg 02 1-1 (Figure 3.8). Oxygen inhibition of photo

synthesis increased with increasing irradiance up to that required to 

saturate photosynthesis and thereafter remained constant (Figure 3.9). 

In contrast, percentage inhibition of apparent photosynthesis by 02 

remained constant over the irradiance range used. 

Whilst the observed trend of increasing 02 inhibition of photosynthesis 

up to light saturation is in agreement with recent reports (e.g. Holmgren 

and Jarvis, 1961; Xu and HUnt, 1911; Xu ~ ~., 1971; Servaites and Ogren, 

1918), the constant percentage inhibition found here contrasts with the 

decreasing percentage inhibition with rising irradiance reported elsewhere 

for E. canadensis (Kutyurin ~ a1., 1964), potato (Ku ~ al., 1971) and 

alfalfa (Ku and Hunt, 1971). However, the inhibition irradiance 

relationship is greatly affected by the concentration of CO2 and 02 used 

(Bjorkman, 1973; Servaites and C;gren, 1918, Turner and Brittain, 1962). 

It should therefore be noted that whilst the total CO2 concentration 

used by Kutyurin ~ ~., (1964) was lower than in the present stu~ 

(0.8 mM compared with 2.4 ~A), the concentration of free CO2 would have 

been approximately 3 times greater due to the lower pH of their 

experimental medium (pH 5.6 compared with pH 7.5 in the present study). 

Such consideration could explain the different findings for~. canadensis. 
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Figure 3.8 Apparent photosynthetic 02 evolution, and 02 uptake in 

the dark by ~. canadensis leaves at different PAR irradiances under 

2 (0) and 10 (.) mg 02 1-1 • other assay conditions were as described 

for Figure 3.1. Bars indicate LSD (Orthogonal) at P~ 0.05 for 

comparisons between 02 concentrations at anyone PAR irradianceo 
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Figure 3.9 The effect of irradiance level on 02 inhibition of 

apparent photosynthesis (0) and percentage inhibition of photosynthesis 

by 02 (-) in]. canadens is leaves. Assay comi tions were as described 

in Figure 3.8. Bars indicate LSD (Tukey) at p, 0.05 for comparing 

anyone mean on a line with any other mean on the same line. 
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Ecological Implications 

The observed laboratory changes in O2 inhibition of photosynthesis and 

percentage inhibition of photosynthesis by 02 in detached~. canadensis 

leaves with 02 concentration (Figure 3.1), 02 concentration and 

temperature (Figure 3.3), CO2 concentration (Figure 3.5), pH (Figure 3.9) 

are consistent with the process of photorespiration occurring in 

~. canadensis. 

Of particular relevance, in terms of the plant's productivity, is the 

high level of inhibition of photosynthesis at high pH (Figure 3.1) and 

at high 02 tensions (Figures 3.1 and 3.3). It would appear, on the 

basis of these laboratory studies, that the high 02 tensions and high 

pH conditions which develop in dense stands of submersed waterplants 

(e.g. Brown ~ al., 1914; Sculthorpe, 1961; Van ~ ~., 1976), especially 

in calm weather conditions, may severely limit the photosynthetic 

performance of the plants especially if they are exposed to high pH and 

O2 conditions for extended periods of time, and photorespire. 

Comparing the conditions of E. canadensis stands in the Leeds and 

Liverpool Canal (see Introduction) with those studied experimentally, 

o -1 
it will be noted that at 20 C a~rise of 02 from 10 to 15 fig 1 reduced 

photosynthesis in the laboratory from 30.8 to 25.2pg O2 fig Chl-
1 -1 

min 

(Figure 3.2). The effect of rising pH was more severe. 
-1 

At 10 mg 02 ~ , 

a rise from pH 7.5 to pH 9.0 reduced photosynthesis from 30.2 to 1.5 pg 

02 mg Chl-
1 

min-1 (Figure 3.6). Bearing in mind the fact that in the 

field O2 and pH rises occur simultaneously and often exceed the 

experimental limits quoted, the laboratory results indicate the likelihood 

of severe limitation of photosynthesis under these field conditions. Such 

reductions in the rate of gaseous exchange could have very significant 

effects on the balance of respiration, photorespiration and photosynthesis 



and consequently on field growth of species such as ~. canadensis. 

It must also be remembered that temperatures can exceed 200 C and light 

intensities are probably saturating in the surface water layer for 

lengthy periods and both these factors would tend to aggravate inhibition. 

Even so, the laborator,y results may still underestimate the extent of 

inhibition in the field because of the artificially favourable degree 

of water movement occurring in the laboratory apparatus, as compared 

with the field. 

Photosynthetic and respirator,y metabolism of aquatic vegetation are 

generally stimulated by rising water flow rate (e.g. Dromgoole, 1918; 

Westlake, 1961), and for this reason rates determined in the rapidly 
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stirred conditions of this present study are probably much greater than 

would normally be attained in slowly flowing non-turbulent field conditions. 

Consquently the greater boundary layer resistances in the field will limit 

CO2 supply at high pH and also aggravate 02 inhibition of photosynthesis 

more severely than these laboratory studies would suggest. 

An afternoon depression of apparent photosynthesis has been demonstrated 

in several submersed angiosperms (e.g. Hartman and Brown, 1961; Van ~ ~., 

1916). It has been argued tha~ the progressive increase in light 

intensity and 02 tension, and the possible decrease in CO2 availability, 

which occur in daytime, may progressively increase photorespiration 

through the day, and hence explain this afternoon depression of apparent 

photosynthesis (Hough, 1914). The strong dependence of photosynthesis 

on 02 and CO2, which these results demonstrate, support this possibility. 

There appear to be a number of ways in which the limitations imposed upon 

the plant by photorespiration and associated 02 effects on photosynthp.sis 

might be ameliorated. One possibility is the utilization of HCO)- as an 



inorganic carbon source for photosynthesis through carbonic anhydrase 

activity (e.g. Sculthorpe, 1967; Steemann Nielsen, 1960); another is 

through active C
4

-metabolism suggested by high 14C fixation into 

C
4
-acids (Brown et al., 1974; De Groote and Kennedy, 1977). However, 

there is controversy about the role of HCO)- in the photo3ynthesis of 

aquatic plants. Earlier claims of HCO)- utilization were based upon 

pH increases in unbuffered media, but these increases cannot in themselves 

be taken to indicate either photosynthesis (Thomas and Tregunna, 1967) 

or HCO)- utilization (Raven, 1970). More recent studies showed no 

evidence of HC0
3

- ~tilization in three aquatic macrophytes including 

!. canadensis (Brown et al., 1974). Egeria ~ has been reported to 

exhibit high 14C fixation into C
4

-acids (Brown et al., 1974), but when 

experiments were repeated at natural CO2 concentrations (Browse ~ al., 

1977), the distribution of 14C fixed into phosphoglyceric acid, sugar 

phosphates and sucrose indicated that the Calvin cycle was the primary 

carboxylation mechanism, and that the predOminant 14C fixation into malic 

acid, noted in previous resports on Sydrocharitacean species, might have 

been caused by very low experimental CO concentrations and consequent 
2 

supression of Calvin cycle activity. In addition, pulse-chase 

experiments of ~. canadensis indicated that whilst a 14C exposure period 

of 2 seconds resulted in 45% of the label being in C
4
-acids, there was 

little subsequent turnover of this label in the C4-acids (De Groote and 

Kennedy, 1977). This suggests that little of the organic acid produced 

It was involved in a C4-type of carbon supply to the Calvin cycle. 

therefore seems that neither HC0
3
- utilization nor C

4
-metabolism 

significantly ameliorate the effects of CO2 depletion and 02 elevation 

on ~. canadensis. 

79 



A further way in which problems of restricted CO2 and 02 exchange 

might be ameliorated could be through gas movemont and storage within 

the lacunar system (Raven, 1970). Indeed, both Lobelia dortmanna 

(Wium-Anderson, 1971) and Littorella uniflora (Spndergaard and Sand

Jensen, 1979) have been shown to photosynthesize 14C02 fed to their 

roots. However, although gas lacunae do occur in g. canadensis, its 

morphology is unfavourable to lacunar gas movement and storage. As 

a consequence, CO2 and 02 are unlikely to diffuse through the lacunae 

in sufficient quantities to significantly affect the photosynthetic 

perfor~ce of the plant (J.W. Eaton, personal communication), and 

lacunar storage and refixation of photorespired CO2 is probably minor 

(J.W. Eaton, personal communication; Spndergaard, 1979). 

,It therefore seems likely that under field conditions of rising 02 

and pH, the photosynthetic performance of !. canadensis will be 

progressively impaired, and that under extreme conditions apparent 

photosynthesis may cease, even though temperature and light are 

near-optimal. 
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A review of the recent literature on aquatic photosynthesis reveals 

little mention of the effect of leaf position on photosynthesis, yet 

reference to the importance of such factors abound in the literature 

on terrestrial plants. Preliminary studies (see Section 2) showed 

that the photosynthesis of older leaves was less than that of younGer 

apical leaves. Therefore this section describes the effect of leaf 

position on oxygen exchange characteristics of Elodea cana.densis. 

Rates are expressed in terms of both chlorophyll and leaf area, 

since units of expression might also affect interpretation. 

8 1 



4. THE INFLUEYCE OF LEAF POSITION ON APPARENT PHOTOSYN'rF8SIS A..ml 
RESPIRATION OF THE SU3:I!ERSED MACROPHYTE ELODEA CANADENSIS 

ABSTRACT 

The effect of lea! position on apparent photosynthesis, photosynthetic 

light saturation, O2 inhibition of photosynthesis and dark respiration 

has been determined for detached leaves of Elodea canadensis Michx. 

(HYdrocharitaceae). Distinct patterns of change of apparent photosynthesis 

and dark respiration with leaf position were found when rates were 

expressed per unit chlorophyll and per unit leaf area. The patterns of 

change of O2 inhibition of photosynthesis were similar on both 

chlorophyll and leaf area bases. These patterns are discussed in 

relation to known aging effects on photosynthesis, photorespiration and 

dark respiration in terrestrial plants. Light saturation and 

compensation points for photosynthesis were highest in apical leaves 

and were reduced further down the plant. This trend is discussed in 

relation to adaptation to light gradients in natural populations of 

aquatic plants. 

INTRODUCTION 

Submersed macrophytes live in a light climate which varies greatly in 

both space and time. Absorption by the water causes a decrease in 

light availability with depth, which is especially rapid in turbid or 

coloured waters (Hutchinson, 1957; Sculthorpe, 1967). The seasonal 

cycle of insolation supplies more light in summer than in winter, a 

difference which increases with latitude and is verJ ~~rked in 

temperate areas. The plant experiences these environmental gradients, 

but modifies its experience of them by its O\vn growth. Thus a plant 

growing upwards from the base of the water column produces its first 

leaves in deeper, and therefore less brightly illuminated water than 
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its later leaves. Apical growth progressively shades the older parts 

of the stem below, and this effect is accentuated when branching or 

dense plant stands develop. Leaves may become colonised by epipnytes 

or encrusted with marl over a period of time. The light reaching the 

plant's photosynthetic tissues is thereby reduced, and the effect is 

greatest in older, and therefore, at least on the ~o~tem, lower 

leaves. Superimposed on these influences are the seasonal cycle of 

insolation, and the aging of the leaves themselves, which again in 

the case of the mainstems, will be greatest in lo~er leaves. 

It is therefore not surprising that submerged macrophytes show great 

variations in photosynthetic rate with depth, season and age of plant, 

and that in some cases their photosynthetic behaviour is adapted to 

reduce the deleterious effects of light attenuation at some depths and 

times of year. Early workers incubated plant samples of similar age at 

different depths, and found that photosynthetic rate depended upon 

incident light, water turbidity and the species investigated, but was 

generally maximal between 0 and 5 m depth (e.g. Meyer and Heritage, 1941; 

Ueyer,!ll; al., 1943; Ruttner, 1926; Schomer, 1934). More recent studies 

using plant samples incubated at their depths of natural occurrence 
I 

have confirmed that maximal phot'osynthesis usually occurs in the upper 

part of the water column. Adams ~ ale (1914) concluded that in 

MYriophYllum spicatum the depth distributions of biomass and light were 

major factors causing depth variation in photosynthesis, and that tissue 

aging with depth was not of price icportance. However Ikusima (1965) 

attributed depth difference in photosynthesis in Vallisneria asiatica 

to a 'gradient of physiological activity inherent to different depths 

of the community.' 
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Seasonal variations in photosynthetic and photorespirator,y capacity are 

also reported (Bowes et al.t. 1917a; Hough, 1974; Spndergaard, 1979). 

These vari~tions may in part be aging effects, only indirectly linked 

to environmental variation through winter growth resulting in a higher 

average leaf age than in summer. In terrestrial plants, photosynthesis 

and photorespiration increase to a maximum at maturity, and later 

decline during senescence, whereas respiration is rapid at first and 

diminishes at maturity, though it may increase again at senescence 

(e.g. Aslam~ ~.t 1977; Catsky et ~., 1976; Mokronosov and Nekrasova, 

1977). It appears p03sible that similar aging effects could playa 

part in depth differences in photosynthesis of aquatic plants. 

Adaptation to light attenuation with depth has been inferred from 

reduoed light saturation points and more efficient utilization of light 

by deep water plants oompared with shallow water ones, as well as from 

morphological differences (Adams ~ ~., 1914; Bowes ~ al., 1971b; 

Gessner, 1938; lkusima, 1966; Spence and Chrystal, 1910). Suoh 

adaptation may be independent of aging effects, and may counteract to 

some extent the disadvantage of diminishing light with depth. 

Here the variation of photosynthetio and respirator,y behaviour is 

described for mainstem leaves with depth and leaf age in actively 

growing suomer plants of Elodea canadensis. Seasonal variations in 

these metabolic features are reported in thesis Section 5 and a more 

detailed account of the plant's response to photosynthetic stress 

conditions is given in thesis Section 3. 

MAn~IALS AND METHODS 

Plant t~aterial 

Samples of ~. canadensis were collected from the Leeds and Liverpool 
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Canal, near Aintree, llerseyside (0.5. 393990) in June, 1979. The 

population sampled was green, actively growing, of healthy appearance 

and there were f~w epiphytes especially on the most apical 15 cm 

section. The shoots had not reached the water surface and were 

vertical in the water colunn. These samples were maintained in the 

laboratory in canal water at 15°C, under a 16 hour photoperiod with 

illumination at 54 pE m-2s-1 (PAR). 'Vhen necessary, epiphytes were 

removed by gently brushing the leaves and rinsing in several changes 

of water. 

Photosynthetic and Respirato;x Rate Determination 

Photosynthetic and respiratory rates of leaves were measured as 02 

evolution or uptake using a Clarke-type 02 electrode (Rank Brothers, 

Cambridge). The light source was a 250-W projector bulb, and the 

intenSity was varied by altering the distance between the light source 

and the reaction vessel. During tests to determine the response of 

leaves to irradiance, the leaves were first exposed to randomised lOTIer 

light intensities and then to higher light intensities. At these 

high light intensities (light saturation point and above) the leaves 

were exposed to successively increasing light. This pattern of 

exposure was employed to minimise the risk of light damage to the 

photosynthetic apparatus and any subsequent effects on rates, although 

there was no evidence of any such damage. 

Leaf samples comprised the three leaves of a whorl, and were t~~en from 

undamaged mainstems only. These samples were placed directly into tho 

assay solution, which was a modified Forsberg Medium No. II (Forsberg, 

1965), modified by omission of Na2Si0
3

, and containing. 2.4 mM total 

-1 
inorganic carbon; 50 ~t Tris-RCi, pH 1.5; and 2 or 10 mg 02 jl. achieved 

by sparging with N2 or 02 gases as appropriate. Oxygen exchange was 
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determined at 20
0

C in the light or in darkness. All treatments were 

run in triplicate. 

Since interpretation can be affected by the units in which results are 

expressed (see e.g. 1~lkina, 1976; Mokronosov and Nekrasova, 1971), 

metabolic rates were calculated on both a total chlorophyll and a leaf 

area basis. Leaf areas were measured under a microscope at x10 

magnification after completion of the experiments. Chlorophylla a and 

b, and total chlorophyll were determined by the method of Arnon (1949). 

RESULTS AND DISCUSSION 

Chlorophyll and Lea! Area 

Differences in chlorophyll content and leaf weight and area with leaf 

position are shown in Figure 4.1. Chlorophyll per unit leaf area and 

per unit fresh weight increased from the apex downwards to a maximum 

from 5 - 6 cm onwards. Leaf area and fresh weight also increased 

between the apex and 5 - 6 cm, presunably due to expansion of the 

maturing laminae. Between 6 - 15 cm area was maXimal. Below this 

the leaves were distinctly smaller. 

During the lifespan of a single leaf, the normal pattern is for an , 

early phase of leaf expansion and increase in chlorophyll concentration 

to be followed by a mature phase of stable size and pigment 

concentration, and finally a phase of declining pigment concentration 

as the leaf senesces (Sestak ~ al., 1915; Treharne ~ al., 1968). 

The ~. canadensis samples showed all these features except the final 

decline of chlorophyll content, perhaps because the plants were 

collected in June from a vigorously growing population in which no 

parts had started to decline. 
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Fi,~re 4.1 AI Leaf area, Ba leaf fresh weight, Ca leaf total 

chlorophyll, D and EI leaf chlorophyll content, and Fl chlorophyll 

~b ratio in~. canadensis. Data points represent the mean of at 

least six replicates. Bars indicate LSD at P a 0.05 for comparinG 

any one mean on a line with any other mean on the same line. 
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Sestak (1977) reports that in general the earliest and latest leaves 

are smaller at maturity than the intermediate ones. This variation 

probably explained the smaller size of the oldest leaves in 

~. canadensis, which would have developed at an early stage in the 

plant's seasonal growth. 

The ratio of chlorophyll alb showed the increase, steady-state and 

then decline with distance from the apex previously reported for 

ontogenesis of a single leaf (Sestak, 1971; Sestak et al., 1975). 

Chlorophyll alb ratio can vary in response to light intensity. In 

general there is an inverse relationship, the proportion of chlorophyll 

b increasing as the light intensity is reduced (Boardman, 1971; 

Egle, 1960; Seybold and Egle, 1937). A greater proportion of chlorophyll 

b in aquatic plants has been considered as a chromatic adaptation to the 

aquatic environment because this pigment improves the utilization of 

blue-greeh light (Seybold and Egle, 1937). Indeed the chlorophyll alb 

ratio has been shown to be reduced with increasing depth, and thus 

diminishing light, in gydrilla verticillata (Van ~ ~., 1977) and in 

M. spicatum (Marcus, 1980) and has reduced with depth in mature 

~. canadensis leaves (Table 4' .• 1). The chlorophyll alb ratio for 

~. canadensis leaves (Figure 4.1 and Table 4.1) is of the same order 

as that reported for other aquatic plants, and is much less than the 

ratio of 4.4 for emersed aquatic plants and sun adapted plants (Seybold 

and Egle, 1937). However as the decreased chlorophyll alb ratio has 

two explanations i.e. a natural aging progression and chromatic 

adaptation, it is not clear which is operating here with ~. canadensis. 
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Table 4.1 The relationship between leaf position and leaf chlorophyll content, chlorophyll alb ratio, light compensation point 

(L.C.P.), light saturation point (L.S.P.), photosynthesis and respiration in ~. canadensis 

Leaf Position Chlorophyll Chl oroph;y'll L.C2P. L.S.~. 
Light-saturated Rate of Dark Respiration 

(cm belovl the Conte~t alb Photosynthetic Rate Dark Respiration (percent of light-
apex) (pg/rrm ) Ratio ~E/m .s) (pE/m .s) (~g 02/me ChI. min) (Pg 02/mg Chl. min) saturated 

photosynthesis) 

0.5 0.11 ± 0.009" 1.81 23 350 40.9 ± 3.0* 1.9 ± 0.6* 19·3 
. ~ 

1 0.15 ± 0.009 1.96 22 320 36.1 ± 1.6 1.1 ± 0.4 21.3 

5 0.21 ± 0.009 2.29 11 290 29.8 ± 1.2 3.9 ± 0.2 13.1 

10 0.23 ::t 0.006 2.34 15 280 21.0 ± 1.2 4.2 ± 0.4 15.6 

20 0.25 ± 0.008 2.32 10 210 23.3 ::t 0.8 4.0 ± 0.4 17 .2 

30 0.24 ±. 0.008 2.14 10 240 20.0 ± 1.8 5.3 ::t 0.4 26.5 

•• Mean of nine replicates ± standard deviation 

* Mean of three replicates ± standard deviation 

~ 
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Photosynthesis and Respiration 

Apparent photosynthesis and dark respiration per unit chlorop~ll were 

greatest in the youngest apical leaves (Figure 4.2). They both declined 

rapidly down to a leaf position 6 cm below the apex, which has been 

shown to be the position of maximum chlorophyll content, chlorophyll alb 

ratio, leaf area and lea! fresh weight. Below 6 cm the rate of decline 

-1 in apparent photosynthesis at 10 mg 02 1 was more gradual so that in the 

oldest lea! studied (30 om from the apex) the photosynthetic rate was 

approximately half that at 0.5 cm. This pattern was essentially the same 

at both subsaturating and saturating irradiances (Figure 4.3). The rate 

-1 of dark respiration at 10 mg 02 ~ did not change with leaf position 

below 5 cm (Figure 4.2). 

The pattern of differences in apparent photosynthesis of ~. canadensis 

leaves conforms to the general trend reported by Mokronos~ and Nekrasova 

(1977) for aging in potato leaves, when their data was expressed on a 

unit chlorophyll basis. These authors suggested that the decrease in 

apparent photosynthesis per unit chlorophyll with age may be associated 

with accumulation of photosynthetically inactive forms of free chlorophyll, 

or an increase in the amount 01 antenna chlorophyll in the photosynthetic 

unit. If the decrease in apparent photosynthesis reported here for 

§. canadensis is associated with an increase in the amount of antenna 

chlorophyll this could be advantageous to the plant in combating the 

deleterious effects of attenuation of light by water and plant self-

shading in natural stands. 

There were pronounoed differences in 02 inhibition of apparent 

photosynthesis per unit chlorophyll with leaf position (Figure 4.2B). 

Inhibition was slight in the immature apioal leaves, increased to a 
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Figure 4.2 The relationship between leaf position and A: apparent 

photosynthetic 02 evolution, and 02 uptake in the dark under 2 (0) 

and 10 (e) rr€ O2 1-1
, and B: oxygen inhibition of apparent 

photosynthesis in~. ca~adensis leaves when rates are expressed per 

unit chlorophyll. The assay solution was a modified Forsberg medium 

No. II containing 2.4 roM. total inorganic carbon and 50 ~~ Tris-ReI, 

pH 7.5. Oxygen exchange was determined at 200 C at a PAR irradiance 

-2 -1 of 290 )lE m s or in darkness. All data points in this and 

subsequent figures represent the mean of triplicate determinations. 

Burs indicate LSD at P • 0.05 for comparing anyone mean on a line 

wi th any other mean on the !,same line. 

92 



.... 
l,-i 

.c 
o 

's:: .... s:: e 
0 -+>1 

:a~ 
· ... 0 

~If 
o~ 

£ -

A 
, I • I 

30 ~ 

20 _ 

0 
0:>-0-0 - 0·0 -0-°-0-0-0-0 

-10 

10 

5 

",._.-.-.- -e-.-· 
e·. • 

".I 

B 

I 

,., 
/ . ....... ... .-.-.--

I 

I 

-
. 

I -

. 
. 

0 0 

I 
• • • 

I 
• I 

~ .-.-. I e ___ 

I e-------

10 20 30 
Leaf Position (em from apex) 

93 



Figure 4.3 The relationship between leaf position and apparent 

photosynthetic ~ evolution in!. canadensis leaves under 10 mg O2 r1 

when rates are expressed per unit chlorophyll. Oxygen exchange was 

determined at a PAR irradiance of25 (+),55 (_), 104 (D), 220 (4), 

-2 -1 
254 (6), 290 (.) or 380 (0) pE m s 

as described in Figure 4.2. 

• Other assay conditions were 



10 

c 

),--°--- 0 _____ c------

.-. • 

-------. . _----- -. 
---- . '-

20 
10 f om apex) f Position (em r Lea 

-- . 

95 
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maximum 6 cm below the apex, and declined gradually thereafter. 

Oxygen inhibition of apparent photosynthesis has been demonstrated 

in submersed aquatic plants including !. canadensis, and can be used 

to indicate the ~nitude of photorespiration (se~ thesis Section 3). 

The use of 02 inhibition of photosynthesis to estimate photorespiration 

assumes that mitochondrial (dark) respiration is unaffected by chcmges 

in O2 concentration. This may be so for terrestrial plants (Jackson 

and Yolk, 1910) but is not the case in aquatic plants (Dromgoole, 1978; 

Owens and Maris, 1964; Westlake, 1967). HO\vever, because dark 

9G 

respiration is likely to be reduced in the light (Jackson and Volk 1910; 

Mangat et ~., 1974), and because the increase in dark respiration with 

increased 02 is less than the increase in apparent photosynthesis in all 

but the youngest leaves (Figure 4.2), it was considered that 02 inhibition 

of apparent photosynthesis could provide an estimate of photorespiration 

in ~. canadensis. 

The pattern of differenoes of 02 inhibition of photosynthesis with leaf 

insertion level conforms with changes of photorespiration with leaf 

aging reported in bean (Catsky ~ al., 1976), mustard (Cornic ~ al., 

1970), poplar (Dickmann ~ al., 1975), lucerne (Hodgkinson, 1974) and 

tobacco (Kisaki et al., 1973). The differences reported here for 

~. canadensis are also consistent with the possibility of aging being 

a factor in the observed seasonal changes in photorespirator,y metabolism 

of the plant (S~ndergaard, 1979), as has been suggested for 

M. verticillata (Bowes et al., 1977a) and Najas flexilis (Hough, 1974). 

When apparent photosynthetic and dark respirator,y rates are expressed 

on a leaf area basis (Figure 4.4), a different pattern is observed. 

Apparent photosynthetic 02 evolution was least in the young apical 



leaves and increased to a maximum 3 em below the apex. Apparent 

photosynthesis then declined gradually with distance through to the 

oldest leaf studied at 30 em. Whilst it will be shown later that 

the photosynthetic rates of the 0.5 em and 1 cm leaves were not quite 

-2 -1 
light saturated by 290 J1E m s PAR irradiance, a similar relationship 

between leaf position and photosynthetic rate was obtained at both 

subsaturating and saturating irradiances (Figure 4.5). In contrast 

to photosynthesis, dark respiration was relatively stable for leaves 

sampled from all positions 0.5 - 30 cm below the apex, when expressed 

on a per unit leaf area basis (Figure 4.4). 

The observed trends in apparent photosynthesis per unit leaf area 

with leaf position and age are similar to those described for 

terrestrial plants (e.g. Aslam et al., 1977; Catsky et al., 1976; 

Dickmann ~ sl.t 1975; Kisaki et al., 1973; Mokrono~and Nekrasova, 

1977). 

The relationship between photosynthesis per unit area and leaf 

position reported here for!. canadensis is similar to that between 

photosynthesis per unit weight and depth of ocourrenoe in Ceratophyllum 
• 

demersum (Carr, 1969) and y. 'asiatica (Ikusima, 1965), when all plant 

material was incubated under the same experimental conditions. Thus 

it could be that differences in photosynthesis of aquatic plants with 

depth can be caused by the differing physiological conditions of 
. 

material with depth and age, as well as by light attenuation. In view 

of the differences in the relationship between leaf position and 

photosynthesis which are obtained by expressing results on a per unit 

chlorophyll and a per unit leaf area basis in ~. canadensis 
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Figure 4.4 The relationship between leaf position and A: apparent 

photosynthetic O2 evolution, and O2 uptake in the dark under 2 (0) 
-1 

and 10 (.) mg O2 1 ,and B: oxygen inhibition of apparent 

photosynthesis in ~. canadensis leaves when rates are expressed per 

unit leaf area. Assay conditions were as described in Figure 4.2. 

Bars indicate LSD at P = 0.05 for comparing any one mean on a line 

with any other mean on the same line. 
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Figure 4.5 The relationship between leaf position and apparent 

-1 
photosynthetic O2 evolution in!. canadensis leaves under 10 mg 02 1 

when rates are expressed per unit leaf area. OXygen exchange was 

determined at a PAR irradiance of 25 (+), 55 (.), 104 (0), 220 (.), 

254 (A), 290 (e) or 380 (0) j1E m-2s-
1

• Other assay conditions were 

as described in Figure 4.2. 
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(compare Figures 4.2 and 4.3 with 4.4 and 4.5), it is conceivable 

that the depth differences reported by Carr (1969) and Ikusima (1965) 

would have been interpreted differently if they had been expressed 

in terms of pigment rather than plant weight. 

Inhibition of photosynthesis by O2 showed the same pattern whether 

expressed per unit area (Figure 4.4B) or per unit chlorophyll 

(Figure 4.2B). 

Light Saturation Curves 

Light saturation curves of apparent photosynthesis per unit chlorophyll 

and per unit area of !. canadensis leaves are presented in Figures 4.6 

and 4.1 respectively. Light saturation points were highest in apical 

leaves, lower and rather similar in leaves from 5, 10 and 20 cm and 

markedly less in 30 cm leaves. Light compensation points were derived 

by regression analysis of the data points and showed a similar trend 

to that of light saturation points, being highest in apical leaves, 

intermediate in leaves from 5 and 10 om, and least in the 20 and 30 cm 

leaves (Table 4.1). 

Studies on aquatic macrophytes have shown that light adaptations can 

result from growth under different natural light regimes (Adams 

et al., 1914; Gessner, 1938; Ikusima, 1966), or be induced in mature 

specimens by growth under new conditions (Bowes £! !J., 1911b; Spence 

and Chr,ystal, 1910). It is not clear whether the depth differences 

in light saturation and compensation points reported here for 

~. canadensis are due to adaptation of young leaves to prevailing 

conditions at the time of growth and leaf expansion (which would have 

been spring) or are the result of re-adaptation by mature leaves as 



Figure 4.6 Apparent photosynthetic ~ evolution by!. canadensis 

-1 leaves at different PAR irradiances under 10 mg O2 1 when rates 

are expressed per unit chlorophyll. Leaves were excised from 

positions 0.5 (0),1 (.), 5 (A), 10 (A.), 20 (0) or 30 (.) an below 

the apex. Other assay conditions were as described in Figure 4.2. 
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Figure 4.7 Apparent photosynthetic 02 evolution qy !. canadensi~ 

leaves at different PAR irradiances under 10 mg 02 1-1 when rates are 

expressed per unit leaf area. Leaves were excised from positions 

0.5 (0), 1 (_), 5 (~), 10 (~), 20 (0) or 30 (.) em below the apex. 

Other assay conditions were as described in Figure 4.2. 
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light conditions change in the weed bed. However, such a distinction 

may be academic because light availability will be reduced with depth, 

and such reduction could result from several factors e.g. light 

attenuation by water and plant material (Hutchinson, 1957; Sculthorpe, 

1967), epiphyte enorustation (Sand-Jensen, 1977) or marl deposition 

(Wetzel, 1960). 

In June 1978, samples of E. canadensis were obtained from adjacent 

shaded and non-shaded sections of the Leeds and Liverpool Canal, 

Maghull. The shaded site was under the Westway Bridge (in between 

Bridges 14 and 15), the growth of ~. canadensis was sparse, its 

leaves were deep green and surface light intensity was 7000 lux. 

In oontrast, the growth of !. canadensis in an adjacent non-shaded 

section was dense, leaves were bright green and the surface light 

intensity was~eater than 50 000 lux. 

The irradiance response of photosynthesis in 1 cm and 5 cm excised 

leaves of !. canadensis from shaded and non-shaded sites were 

compared and the data obtained presented in Table 4.2. In both 

instances the light-saturated photosynthetic rate, light compensation 

and light saturation points ';ere less in 5 cm leaves than 1 cm 

leaves. This presumably reflects the reduction in light availability 

with depth. However, light compensation points were reduced in the 

!. canadensis samples obtained from the shaded region compared to the 

non-shaded region. Thus~. canadensis evidently shows adaptation to 

growth under different light regimes, as has been described for other 

species (see above for references). 

Adaptations to low light intensities have been regarded as being 

primarily related to energy conservation (e.g. Bjorkman et a1., 1972; 

Spence and Chr,ystal, 1970). However the data presented in Table 4.1 
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Table 4.2 The effect of shading on apparent photosynthetic O2 

evolution, light compensation point (L.C.P.) and light saturation 

point (L.S.P.) of 1 cm and 5 cm excised leaves of !. canadensis 

Apparent photosynthesis (pg 02/rI18 Chl. min) 

PAR 1 cm 5 cm 
Irrad~ance 
~E m- s-1) non-shaded shaded non-shaded shaded 

0 -4.4 ± 0.6 -4.2 ± 0.5 -3.0 ± 0.4 -2.8 ± 0.2 

25 1.5 ± 0.2 1.5±0.3 1.1 ± 0.2 1.3 ± 0.2 

55 5.9 ± 0.3 8.4 ± 1.0 6.1 ± 0.1 6.3 + 0.5 

105 13.3 ± 0.4 16.6 ± 1.2 12.5 ± 0.9 12.2 ± 0.1 

220 22.2 ± 0.1 2).4 ± 0.5 24.8 ± 1.0 21.6 ± 1.4 

254 25.1 ± 0.3 25.2 ±. 0.8 28.6 ± 0.8 23.9 ± 0.8 

290 30.4 ± 1.1 25.0 ± 1.0 30.0 + 0.6 23.8 ± 0.9 

380 34.1 ±. 1.1 25.1 ± 1.0 30.4 ±. 0.8 23.9 ± 0.9 

630 36.5 ± 1.2 24.9 ± 1.2 30.2 ± 1.5 23.9 ± 0.9 

L.C.P. 21.4 , 18.1 12.8 10.6 

L.S.P. 450 250 290 250 

Mean of three replicates ± standard deviation 
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show that whilst dark respiration is indeed reduced with increasing 

distance from the apex, when dark respiration is expressed as a 

percentage of light saturated photosynthesis, the most shade adapted 

leaves (20 and 30 cm below the apex) have respiration which is as 

high as, or higher than, the apical leaves. 

Large differences are seen in the photosynthetic response to irradiance 

for leaves of different insertion level when rates are expressed in 

terms of pigment and area (Figures 4.6 and 4.1 respectively). When 

expressed in terms of pigment, maximal rates were seen in apical 

leaves, and declined rapidly to a leaf position 5 cm below the apex. 

Below 5 cm the rate of decline was more gradual. This pattern 

contrasted to that of low photosynthesis in apical leaves, whioh rose 

to a maximum in mature leaves and thereafter declined steadily through 

to the oldest leaves, if rates were expressed on an area basis. Such 

differences in photosynthetic rate with leaf position could be related 

to aging effects on photosynthesis and have already been discussed in 

this context. 

CONCLUSIONS 

Leaf area, fresh weight and (,.hlorophyll alb ratio of !. canadensis 

leaves varied with leaf position, and all showed a general pattern of 

early increase followed by a mature phase characterised by stability, 

and finally a phase of decline. Leaf ohlorophyll content exhibited 

109 

the first two phases i.e. increase to maturity and stability, but did 

not show the final decline, perhaps because the plants were collected 

from a vigorously growing population in which no plants had started to 

decline. Conditions during growth, aging phenomena and light adaptation 

are all likely determinants of these patterns. 



The variations in photosynthesis, dar~ respiration and 02 inhibition 

of apparent photosynthesis with leaf position in!. canadensis 

conform to patterns described for leaf aging in terrestrial plants, 

and are most probably related to aging effects in the aquatic species. 

However, variation in photosynthesis with leaf position showed 

110 

different patterns, depending on whether rates were expressed in terms 

of pigment or leaf area. Apparent photosynthesis and respiration were 

greatest in apical leaves and declined with increasing age and distance 

from the apex when rates were expressed on a per unit chlorophyll basis. 

If however rates were based on unit area, apparent photosynthesis was 

least in apical leaves, rose as leaves were maturing and then declined 

gradually thereafter. Dark respiration remained relatively stable. 

Oxygen inhibition of apparent photosynthesis showed essentially the 

same pattern whether rates were on a pigcent or area basis. Inhibition 

was least in apical leaves, rose during maturation and declined 

gradually thereafter. These patterns conformed to those described in 

the literature on terrestrial plants. 

The light saturation and compensation points for photosynthesis were 

greatest in the apical leaves,and decreased down the plant. These 

differences could be adaptations to compensate for light attenuation by 

water, plant material and epiphyte encurstations in natural plant stands. 

Further, they could benefit the whole plant, especially if saDIe of the 

carbon fixed by the older, more shaded leaves contributes to new growth 

of the plant. 



Having established that leaf position, and thus leaf age affects 

the photosynthetic and respirator,y physiology of Elodea canadensis, 

this next section includes both young and mature leaves. It 

describes the effect of season on the photosynthesis and 

respiration of 1 cm and 6 cm excised leaves with respect to light 

and temperature. Seasonal variations in 02 inhibition of apparent 

photosynthesis and glycolate oxidase activity are also described. 
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5. SEASONAL TRENDS IN APPARE1~T PHOTOSYNTHESIS AND RESPIRATION OF 
THE SU:S=.~SED lIACROPHYTE ELODEA CANADENSIS 

ABSTRACT 
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The light saturation point of detached young leaves of Elodea canadensis 

~tlchx. (HYdrocharitaceae) was greatest in sucmer months, when field 

insclation was at its height. The temperature optimum of apparent 

photosynthesis and dark respiration did not change seasonally. There 

was little evidence of dormancy in winter, but in summer the leaves 

showed thermal adaptation of apparent photosynthesis to temperatures 

o between 10-20 C. Mature leaves were general17 less active than young 

ones, but showed the same seasonal patterns or response to light and 

temperature. Results are discussed in relation to adaptation to 

seasonal changes in the natural environment. 

Both glycolate oxidase activity and oxygen inhibition of apparent 

photosynthesis were greatest in young apical leaves in the winte~and 

showed a marked reduction in summer. The possible advantages of 

reduced potential for photorespiration in summer are discussed in 

relation to the environmental conditions occurring that season. 

INTRODUCTION 

In temperate climates, seasonal patterns of growth in the aquatio plant 

community have been linked with the annual oycle of temperature and 

insolation (Soulthorpe, 1967; Westlake, 1975). A typical feature is 

low biomass in winter, during the period of low light and temperature, 

with dormanoy often inferred, but rarely investigated experimentally. 

Increasing light and temperature in the spring allow aooelerating 

growth. As biomass inoreases, self-Shading ~ become pronounced, 

produoing great variations in light availability over short intervals 



of space and time. With such varying conditions, it would be of 

advantage to an aquatic plant to be capable of adapting its 

photosynthetic characteristics to make best use of the available 

light. Indeed light adaptation has been reported for many aquatic 

macrop~tes (e.g. Adams ~ ~., 1974; Bowes ~ ~., 1971b; Gessner, 

1938; Ikusima, 1966; Spence and Chrystal, 1910), and adaptation to 

light of a particular intensity does not necessarily preclude 

subsequent re-adaptation, for plants in general, should conditions 

change (Boardman, 1977). One of the aims of this research was to 

measure the extent to which light saturation characteristics of young 

and mature Elodea canadensis leaves varied during a yearly cycle. 

Temperature optima for photosynthesis in aquatic plants appear capable 

of variation. For example Ceratopbyllum demersum from Lake Ohakuri, 

New Zealand had a photosynthetic temperature optimum of 200 C (Carr, 

1969), whereas specimens from a Florida lake had an optimum of 28.5°C, 

the difference being attributed by Van~ ~., (1976) to adaptation 

to higher temperatures in the latter waterbo~. Dormancy has also 

been reported in a number of aquatic species (Sculthorpe, 1967). 

Therefore another aim of the present study was to test for seasonal 

adaptations to temperature in E. canadensis, either in the form of 

winter dormancy or annual variation in temperature optimum of 

photosynthesis. 

Photorespiration has been demonstrated in many submersed macrop~tes, 

and in general the rates obtained during the summer tend to be less 

than those for autumn or winter (Bowes et al., 1977a; Hough, 1974; --
Spndergaard, 1979). Such a reduction in photorespiration during the 

summer could be valuable to the plant when such plant-induced changes 
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in water quality in dense stands as increased O2, temperature and 

pH, and reduced CO2 (Bamfor~h, 1962; Brown ~ al., 1914; Dale and 

Gillespie, 1971; Van ~ ~., 1916) would all tend to aocelerate 

photorespiratory loss of assimilate. !. canadensis has been shown 

to exhibit photorespiration (Brown et al., 1914; Hough, 1919; 

Kutyurin et al., 1964; S~ndergaard, 1919; thesis Section 3), and 

any reduction in potential for photorespiration during the summer 

months would have obvious benefit for this plant. It was for this 

reason that the potential for photorespiration, as indicated by 02 

inhibition of apparent photosynthesis and by glycolate oxidase 

activity, were determined through a yearly cycle. 

There is considerable difference in physiological activity between 

young and mature leaves of !. canadensis (thesis Section 4) and 

Vallisneria spiralis (Jana and Choudhuri,1919). The present study 

therefore included both types of leaf. 

MATERIALS AND 1tm'HODS 

Plant Material 

Samples of !. canadensis were collected from the Leeds and Liverpool 

Canal, near Aintree, Merseyside (O.S. 393990) at intervals from 

December 1977 to January 1979. These samples were maintained in the 

laboratory in canal water at 150 C, under a 16 hour photoperiod with 

-2 -1 ( ) illumination at 54 pi m s PAR. Physiological measurements were 

made on the material within 4 d~s of collection. 

When necessary, epiphytes were removed by gently brushing the leaves 

and rinsing in several changes of water. Preliminary tests showed 

that such treatment did not significantly affect recorded rates. 
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Photosynthetic and Respirato~ Rate Determination 

Photosynthetic and respiratory rates of leaves were measured as 02 

evolution or uptaKe using a Clar~e-type 02 electrode (Rank Brothers, 

Cambridge). The light source was a 250-W projector bulb, and the 

intensity was varied by altering the distance between the light 

source and reaction vessel. During tests to determine the response 

of leaves to irradiance, the plant material was first exposed to 
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randomised lower light intensities and then to higher light intensities. 

At these high light intensities (light Baturdtion point and above) the 

plant material was exposed to suocessively increasing light intensitip.s. 

This pattern of exposure was designed to minimise the risk of light 

damage to the photosynthetic apparatus and any subsequent effects on 

rates although no evidence could be found for such effects, since 02 

exchange at lower light intensities was the same before and after 

exposure to the maximum irradiance used. 

Temperature was controlled by circulating water from a Churchill 

cooler/heater of the appropriate temperature through the outer jacket 

of the electrode. 

i1 

Prior to leaf excision, sprigs of !. canadensis were incubated at the 

appropriate temperature for 30 minutes. Leaf samples comprised the 

three leaves of a whorl excised from either 1 cm or 6 cm below the 

apex. These were placed directly into the assay solution, which was 

a modified Forsberg ?1edium No. II (Forsberg, 1965), modified by 

omission of Na2Si0
3

, and containing 50 mM Tris-HC1, pH 1.5, and 

2 or 10 mg 02 1-1 , achieved by sparging with N2 or 02 gases as 

appropriate. Photosynthesis was initiated b.1 injecting 0.1 cm3 of 

NaHC0
3 

solution, to give a final concentration of 2.4 mM total 



inorganic carbon, which approximated to that present in canal water. 

All treatments were run in triplicate. 

Glycolate Oxidase Assay 

Glycolate oxidase activity was measured as O2 uptake using a method 

based on that of Frederick et al., (1913). Samples of approximately 

50 leaves were ground in a chilled pestle and mortar using 5 cm3 of 

an extraction medium of 50 mM Tris-HC1, pH 8, containing 10 roM ~~Cl2' 

1 mM EDTA, 0.1 mM F1m and ~~ w/v insoluble polyvi~lpyrrolidone. 

Aliquots of the resultant homogenates were taken for chlorophyll 

determinations and the remaining homogenates were centrifuged at 500 g 

for 10 minutes to remove cell debris. The supernatants were used for 

enzyme assay. Glycolate oxidase activity was determined by measuring 

the dark O2 uptake by~Olarke-type electrode, in the presence of 14 ~! 

sodium glyoolate at 25°0. All the reported rates are correoted for 

endogenous dark O2 uptake of the extracts, measured in the reaction 

vessel before injection of glycolate. 

Chlorophyll Determination 

The method of Arnon (1949) was used for chlorophyll determinations. 

RESULTS AND DISqgSSION 

Light-responses Curves 

Seasonal changes in apparent photosynthetic and dark respirator,y 

response to light intensity of leaves excised 1 em below the apex 

are sho\VD in Figure 5.1 and Table 5.1. In general, the light 

saturation point of apparent photosynthesis was lowest in winter and 

increased in spring to give maximal values in mid-summer. Thereafter 
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Figure 5.1 Seasonal patterns of apparent photosynthetic 02 evolution 

and 02 uptake in the dark by]. canadensis leaves, excised 1 cm below 

the apex, at different PAR irradiances. The assay solution was a 

modified Forsberg medium No. II containing 2.4 mM total inorganic 

carbon and 50 mM Tris-H01, pH 7.5. Oxygen exchange was determined at 

20°0, in the light or in darkness, under 10 mg 02 1-1• All data points 

in this and subsequent figures represent the mean of triplicate 

determinations. 
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Table 5.1 The effect of time of year on light compensation point (L.e.p.), liGht saturation point (L.S.P.), light

saturated photosynthetic rate and dark respiration rate of~. canadensis leaves at 20°0. Leaves were excised from 

1 cm below the apex. 

Date L.C2P. L.S2P. Light-satura.ted Rate of Dark Respiration 
Sample (JiE/m .s) (pE/m .s) Photosynthetic Rate Dark Respiration (percent of light-

Collected (pg 02/mg Chl. min) (pg O/rug ChI. min) saturated photosynthesis) 

07.12.77 14.5 220 ..... 24.7 ± 2.4 4.9 ± 0.8 19.8 

09.01.78 11.2 250 27.1 ± 1.9 5.6 ± 0.5 21.4 

06.03.78 14.8 290 29.5 .± 2.3 5.5 ± 0.4 16.6 

15.05.78 14.8 400 32.6 .± 1. 9 4.6 ± 0.3 14.1 

26.06.78 14.6 510 44.0 t. 1.4 5.4 ±. 1.0 12.3 

08.08.78 15.8 400 35.4 ± 1.9 4.6 ± 0.3 12.9 

09.10.78 14.9 330 29.2 t. 1.7 7.2 ± 0.5 24.6 

04.12.78 10.8 290 27.1 ± 2.1 5.1 ± 0.3 18.8 

15.01.79 11.3 250 23.5 ± 1.0 3.6 ± 0.3 15.3 

Me~~ of three replicates t. standard deviation 

;.... 
;.... 

c.o 



there was a decline which extended through autumn to restore the low 

winter levels. Light compensation point of apparent photosynthesis 

showed a similar, though less pronounced trend. The mean light 

compensation point of mid-winter 1 cm leaves (December and January) 

-2 -1 
was 11.9 ~E m s whilst that of summer 1 cm leaves (May, June and 

) -2 -1 
August was 15.1 FE m s • Dark respirator,y 02 uptake increased 

slightly with increasing light intensity, but tended to stabilise 

when light saturation point was reached. 

Adaptation to different light regimes have been documented for aquatic 

plants e.g. ~. crisna can exhibit characteristics of sun or shade 

adapted species depending upon whether they are in an open or shaded 

environment (Gessner, 1938). Re-adaptation to light has been 

demonstrated for mature specimens of Hydrilla verticillata when grown 

under new conditions (Bowes et al., 1977b). Depth differences in 

photqsynthetic response to light have been demonstrated in 

lW£iophyllum spicatum (Adams et al., 1914) and Vallisneria 

denseserrulata (Ikusima, 1966). The seasonal change in light 

saturation characteristics reported here for~. canadensis could 

result from adaptation to low light intensity in the winter when 
, 

insolation is low and light intensity can be further reduced by ice 

cover. Increased insolation in the spring and sumner induces 

adaptation to higher light intensities in the new growth. 

Research by Bjorkman g!~. (1972), and Spence and Chrystal (1910) 

suggest that adaptations to low light intensities are primarily 

related to energy conservation. However the data presented in 

Tables 5.1 and 5.2 indicate that dark respiration rates in both 1 cm 

and 6 cm leaves were relatively constant throughout the year and yet 
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respiration was proportionately greater in the shade adapted winter 

samples because of the lower photosynthesis in that season. Thus in 

1 em leaves the maximum dark respiration values in December 1977 and 

-1 -1 
June 1978 were 4.9 and 5.4fg 02 mg Chl min respectively, whereas 

they were 20% and 12% of the respective light saturated photosynthetic 

rate. Similar comparisons can be made with the 6 em leaves whose 

activity is lower than the 1 cm leaves. This generally lower activity 

of mature leaves is discussed in thesis Section 4. 

The seasonal pattern of response of the 6 cm leaves (Figure 5.2 and 

Table 5.2) generally followed that of the 1 cm leaves. However the 

light saturation point was distinctly lower in the sum~er months, 

whilst the mean s~er light compensation point was only marginally 

( -2 -1 -2 -1 
depressed 14.5)lE m s in 6 cm leaves compared to 15.1 )lE m s 

in 1 cm leaves). Reduced light intensity with depth may be caused by 

several factors e.g. light attenuation by water and plant material 

(Hutchinson, 1951; Sculthorpe, 1961), epiphyte encrustation (Sand

Jensen, 1977) and marl deposition (Wetzel, 1960). The lower light 

saturation point of the 6 em leaves comparad with the summer 1 em 

leaves may be regarded as an adaptation to reduced light with depth, 

though in this case the plant material as colleoted from the field 

had little epiphyte or marl encrustation so light attenuation was 

probably mainly by water and self-shading. 

The lower magnitude of light saturated photosynthesis in the 6 cm 

leaves may be related to aging effects which have been well 

documented for terrestrial plants (e.g. Aslam ~ al., 1911; Dickmann 

~ ~., 1915). 
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Figure 5.2 Seasonal patterns of apparent photosynthetic 02 evolution 

and 02 uptake in the dark by ~. canadensis leaves, excised 6 em below 

the apex, at different PAR irradianees. Assay conditions were as 

described in Figure 5.1. 
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Table 5.2 The effect of time of year on light compensation point (L.C.P.), light saturation pOint (L.S.P.), liBht

saturated photosynthetic rate and dark respiration rate of~. canadensis leaves at 200C. Leaves were exoised from 

6 om below the.apex. 

Date L.C~P. L.S~P. Light-saturated Rate of Dark Respiration 
Sample (}!Elm .s) (p.E/m .s) Photosynthetic Rate Dark Respiration (percent of Iight-

Collected (PS 02/mg ChI. min) (pS 02/mg ChI. min) saturated photosynthesis) 

07.12.77 13.9 220 19.7 ± 0.9 4.2 ± 0.4 . 21.3 

09.01.78 9.3 260 23.9 ± 1.1 4.2 ± 0.2 11.6 

06.03.78 14.9 290 24.4 ± 2.1 5.0 ± 0.3 20.5 

15.05.78 16.5 290 21.6 ± 1.2 3.6 ±. 0.1 13.0 

26.06.78 14.1 330 30.8 ± 2.6 4.4 ± 0.5 14.3 

08.08.78 12.1 290 29.6 + 0.6 4.6 ±. 0.5 15.5 

09.10.78 11.9 250 25.4 ± 0.3 5.1 ± 0.6 20.1 

04.12.78 10.6 260 22.3 ±. 1.8 4.9 ± 0.3 21.9 

15.01.79 11.5 240 20.4 ± 0.4 3.5 ± 0.3 11.2 

Mean of three replicates ± standard deviation 

~ 

~ 
~ 



Temperature-resnonse Curves 

Throughout the period of this study field samples of the~ant material 

were maintained under standard laboratory holding conditions (15°C, 

-2 -1 ( ) ) 54 ~E m s PAR, 1618 hour photoperiod for a ~~ximum of 4 days 

before physiological measurements were completed. Comparisons between 

winter plants (data not presented here, but see Table 2.6) held under 

these conditions and ones held under more realistic winter field 

conditions (5°C, 36pE m-2s-1 (PAR), 8:16 hour photoperiod) indicated 

that there was no significant effect of such holding conditions on 

photosynthetic and respiratory response to temperature. Thus it is 

unlikely that the relatively short exposure of winter plants to the 

elevated temperature and extended photoperiod during laborator,y 

holding had any effect on the outcome of investigations into seasonal 

response to temperature. 

Temperature response curves of apparent photosynthesis and dark 

respiration for 1 em and 6 cm leaves are shown in Figures 5.3 and 5.4 

respectively. Temperature optima for both apparent photosynthesis and 

respiration were between 250 C and 3000 and no seasonal variation or 

difference between 1 em and 6 cm leaves could be discerned. The 

maximal rate was higher in the summer than in winter, and so exhibited 

a seasonal trend which was similar to, but less marked than that of 
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the light saturation curves. Photosynthetic and respiratory rates were 

both slightly less in 6 em leaves than in 1 em leaves, but the annual 

mean proportions of respiration to apparent photosynthesis were almost 

the same (16.6% and 15.1% respectively). 

The relatively high temperature optimum of 27.5°0, averaged for 1 em 

and 6 cm leaves throughout the sampling period, is considerably above 



Figure 5.3 Seasonal patterns of apparent photosynthetic 02 evolution 

and 02 uptake in the dark by ~. canadensis leaves, excised 1 cm below 

the apex, at different temperatures. Assay conditions were as 

described in Figure 5.1 except that photosynthetic rates were 

-2 -1 determined at a PAR irradiance of 290 ~E m s • 
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Figure 5.4 Seasonal patterns of a.pparent photosynthetic 02 evolution 

and 02 uptake in the dark by~. canadensis leaves, excised 6 COl below 

the apex, a.t different temperatures. Assay conditions were as 

described in Figure 5.3. 
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the normal day tine water temperatures in the Leeds and Liverpool 

Canal, where ~easurements indicate an annual mean over 5 years of 

11_120 C, with usually less than 30 days each summer above 20°C. It 

is however in accordance with the rapid net assimilation rate 

reported for~. canadensis at high temperature by Allen (1973), and 

may be a reflection of the species' origin in North American waters 

where summer conditions are generally warmer. 
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The E. canadensis collected in winter conformed to published descriptions 

of 'winter buds' i.e. leaves were closely crowed together at the stem 

apices, and lower parts of stems were often leafless (Sculthorpe, 1967). 

Such material showed little evidence of physiological dormancy. The 

mean apparent photosynthetic rate of midwinter 1 om leaves (December 

) ° -1 -1 and January at 10 C was 10.2)lg 02 mg Chl min ,compared with a 

-1 -1 
summer (May, June and August) mean of 10.3 y.g 02 mg Chl min • Nor 

was there any marked seasonal difference in the less active 6 em leaves, 

-1 -1 
which had winter and summer means of 9.4 and 8.5 )1g 02 mg ChI min 

respectively. 

The !. canadensis population in the Leeds and Liverpool Canal may 

therefore be able to respond ~o short periods of mild and sunny 

weather in winter by increasing assimilation and counteracting to 

some extent the general seasonal decline in biomass. The canal is 

shallow (mean depth of 1 - 1.5 m) and so not strongly temperature 

buffered, and daytime water temperature usually exceeds 7°0 on 5 - 10 

days within each December to January period (J. W. Eaton, personal 

communication). Field observations showed that during mild periods, 

overwintering plants produced new, bright green growth at the stem 



apices, which contrasted conspicuously with the dark green or black 

older stems. 

o The photosynthetic rates of winter samples at 20 C Vlere markedly less 

th9Il those of summer ones. The ~O for apparent photosynthesis over 

o the 10 - 20 C range was least in the winter plants and increased in 

the spring to give maximal values in midsunmer (Table 5.3). Values 

then dropped slightly and a second autumn peak was evident in the 

October samples before low winter values were restored. The hiBh ~O 

in Ootober for both 1 cm and 6 em leaves could be due to a relatively 

1 3 t 

high water temperature'in that month, which was accompanied by re-growth 

of !. canadensis at the sampling site, and also in other parts of the 

Leeds and Liverpool Canal (Eaton ~ ~., 1981). 

o 
The ~O for apparent photosynthesis over the 10 - 20 C range averaged 

2.51 in Deoember - January and 3.17 in M~ - August for 1 cm leaves, 

and 2.33 and 3.38 respectively for 6 cm leaves. Winter plants were 

therefore less able to take advantage of high temperatures than were 

summer plants, and so might be considered to be showing slight dormancy. 

However, this ,effect appears to have no ecologioa1 significance, as 

o tempera.tures of 20 C never oc/cur in the canal for at least 15 weeks 

either side of midwinter. These findings contrast with reports of 

dormancy in!. canadensis in midwinter (Scu1thorpe, 1967), but are 

in agreement with those of Boylen and Sheldon (1916) who measured net 

assimilation rates 10 - 20% of summer values under ice cover, and of Haag 

and Gorham (1917) who suggest that the plant is quiescent ruther than 

dormant in midwinter. 



Table 5.3 The effect of time of year on photosynthetic rates (10°0 and 20°0) and Q10 for apparent 

photosynthesis (range 10 - 20°0) of !. canadensis leaves. Leaves were excised from 1 cm and 6 cm 

below the apex. 

1 cm leaves 6 cm leaves 

Date Photosynthetic Rate Photosynthetic Rate Sample (pg 02/mg ChI. min) Q10 ~g 02/mg ChI. min) Q10 
Collected 

10°0 20°0 10°0 20°C .... 

07.12.77 11.2 ± 1.5 24.8 ± 1.3 2.21 9.7 ± 0.9 21.5± 1.5 2.22 

09.01.78 10.2:t 1.0 27.3 ± 1.8 2.68 9.0 ± 0.9 23.5 ± 1.8 2.61 

06.03.78 11.4 ± 1.1 29.4 ± 1.9 2.58 8.8 ± 0.3 24.7 ± 2.0 2.81 

15.05.78 10.6 ± 1.3 29.4 + 0.9 2.77 9.4 ±. 0.5 27.2 ± 1.1 2.89 

26.06.78 10.3 ± 0.2 36.1 ::!:. 1.1 3.51 8.2 ± 0.7 29.7 ± 2.4 3.62 

08.08.78 10.0 ± 0.5 32.3 ± 1.2 3.23 8.0 ± 0.6 29. 1 ±0.3 3.64 

09.10.78 8.2 ± 1.1 28.0 ± 2.5 3.41 7.3 ± 1.1 25.5 ± 0.2 3.49 

04.12.78 9.7 ± 1.1 27.4 + 1.9 2.80 9.3 ± 1.0 22.4 ± 2.0 2.41 -
15.01.79 10.0 ± 1.4 23.3 ± 1.1 2.33 9.7 ± 1.0 20.3 ::!:. 0.5 2.09 

Mean of :hree replicates ± standard deviation 
100* 

~ ,,", 



The vigorous summer response of apparent photosynthesis to temperature 

o rises above 10 C may enable the plant to take advantage of daytime 

temperature increases. o These can be up to 5 C between dawn and early 

afternoon in the bulk water of the canal, and up to 100 C in plant 

stands where water circulation is badly retarded by the density of the 

vegetation. 

O;rgen Inhibition of Apparent Photosynthesis 

Seasonal changes in oxygen inhibition of apparent photosynthesis, 

percentage inhibition of apparent photosynthesis by 02' and glycolate 

oxidase activity are shown in Figures 5.5 and 5.6 for 1 cm and 6 cm 

exoised leaves respeotively. For referenoe the apparent photosynthetio 
_1 

rate at 10 mg 02 ~ and 250 C, field temperature, and difference in 
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-1 dark respiratory rate under 2 oompared with 10 mg 02 1 are also included. 

-1 Maximum rates of apparent photosynthesis at 10 mg O2 ~ occurred in 

the Bummer months in both 1 cm and 6 em excised leaves, at the 

approximate time of maximum water temperature in the canal. Oxygen 

inhibition of apparent photosynthesis was greatest in the 1 cm leaves 

in winter, and declined to lower levels in su~er (Figure 5.5c). There 

was no such seasonal trend in 6 cm leaves (Figure 5.6c). 

Oxygen inhibition of photosynthesis (the Warburg effect) may be used to 

indicate the magnitude of photorespiration, provided that dark 

respiratory rates are unaffected by 02 concentrations above 2% (Jackson 

and Volk, 1970). Whilst this may be so in terrestrial plants, it is 

not the oase for aquatio plants (e.g. Dromgoole, 1978; Owens and 1~is, 

1964; Westlake, 1961). However as dark respiration is likely to be 

reduced in the light (Mangat et al., 1974), and in all instances in 

this study, 02 inhibition of apparent photosynthesis exceeded the 



Figure 5.5 The effect of season on AI apparent photosynthetic 02 

-1 
evolution under 10 mg 02 1 , B: surface water temperature of the 

canal, CI~inhibition of apparent photosynthesis (e) and 02 

enhancecent of dark respiration (0), D: percentage inhibition of 

apparent photosynthesis by 02' and E: glycolate oxidase activity 

of ~. canadensis leaves excised 1 cm below the apex. Assay 

conditions for 02 exchange rates were as described in Figure 5.1 

except that rates were determined at 25°C, and apparent photosynthesis 

-2 -1 
at a PAR irradiance of 290 pE m s • Inhibition and enhancement are 

-1 
expressed for rates at 10 relative to those at 2 mg 02 1 . Glycolate 

oxidase activity was measured as the dark 02 uptake at 25°C in the 

presence of 14 roM glycolate in an assay medium of 50 mM Tris-HCl, 

pH 8.0, containing 10 W1 MgC12 , 1 roM EDTA, and 0.1 mM FMN. Bars 

indicate LSD at P = 0.05 for comparing anyone mean on a line with 

any other mean on the same line. 
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Figure 5.6 -The effect of season on As apparent photosynthetic 02 

.. 1 
evolution under 10 mg 02 ~ ,B. surface water temperature of the 

canal, Cs 02 inhibition of apparent photosynthesis (.) and O
2 

enhancez::ent of dark respiration (0), Ds percentage inhlbition of 

apparent photosynthesis by 02' and Es glycolate oxidase activity 

of E. canadensis leaves excised 6 cm below the apex. Assay conditions 

were as described in Figure 5.5. Bars indicate LSD at P - 0.05 for 

comparir-e anyone mean on a line with any other mean on the same line. 
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increase in dark respiration with rising 02 (Figures 5.5C and 5.6C), 

it appears that the Warburg effect can be used to provide an approxj~ate 

estimate of the magnitude of photorespiration. 

The 1 cm leaves obtained during winter months of slow growth are likely 

to be correspondingly older than leaves from the same position in the 

summer months of fast growth, whereas those taken from 6 em are likely 

to be relatively mature and phySiologically stable at all times of the 

year. Thus, variation in leaf age near the stem apex could be 

responsible for the seasonal patterns of 02 inhibition of apparent 

photosynthesis reported here. Such aging effects on photorespiration 

are best known in terrestrial crop species (e.g. Catsky ~ al., 1976, 

Hodgkinson, 1974; Kisaki et al., 1913) but have been domonstrated in 

!. canadensis (Spndergaard, 1919), H. verticillata (Bowes ~ al., 1977a) 

and Najas flexilis (Rough, 1974). 

Bowes ~!l. (1977a) cite evidence that lie verticillata varies its 

photosynthesis a photorespiration ratio, a summer reduction in CO2 

compensation point being associated with increased net (apparent) 

photosynthesiS and decreased photorespiration. They further noted a 

shift in RuBP/PEP carboxylase, with PEP carboxylase becoming predominant 

in the summer. Such a shift could explain the changes in 

photosynthesis and photorespiration in lie verticillata, but whether 

such changes in RuBP/PEP carboxylase ratiOS, photosyntheSis and 

photorespiration can be linked solely to environmental triggers such 

as d~length and temperature, must remain debatable. The relationship 

may be indirect, and related to the varying growth and maturation 

state of the apical segments used. MOkronosov and Nekrasova (1977) 

found that in juvenile potato leaves, PEP carboxylase provided 80 - 90.10 

of all CO2 fixation, but BuBP carboxylase activity increases with age, 
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and as the leaf matured PEP carboxylase activity became negligible. 

High PEP oarboxylase and other enzyme activity associated with the 

C4 acid cycle also occurs in young tobacco leaves (Kisaki ~ ~., 1973). 

However, whether reduced potential for photorespiration in the s~er 

is due to age-related effects or is triggered by environmental factors 

does not affect the fact that such a reduction is likely to be advantageous 

to the plant in that season. Under conditions of high surface irradiance, 

plant-induced 02 supersaturation, depletion of CO2 and HC0
3
-, increased 

pH and temperature occur in the water bathing submerged waterplant 

stands (e.g. Bamforth, 1962; Brovm £! ~., 1974; Dale and Gillespie, 

1911; Van et ~., 1916). Such conditions are conduoive to high rates 

of photorespiration generally (Jackson and Yolk, 1910; Zelitch, 1911), 

and in !. canadensis in particular (thesis Section 3). Clearly, a 

reduced potential for photorespiration in leaves exposed to such 

conditions will be advantageous to the plant in curtailing its fixed 

carbon losses. 

The seasonal pattern of glycolate oxidase aotivity of 1 cm leaves of 

E. canadensis paralleled that of 02 inhibition of apparent photosynthesis 

(Figure 5.5E). In 6 c~ leaves glycolate oxidase activity again 

paralleled that of 02 inhibition of apparent photosynthesis, but in 

this instance there was no pronounced seasonal trend (Figure 5.6E). 

Regression analysis of glycolate oxidase activity (G) upon 02 inhibition 

of apparent photosynthesis (I) for all 1 cm leaf data and the mean of 

6 em leaf data yielded a positive correlation, G = 3.29 + 1.091 

(r - +0.81). Glycolate oxidase is an important enzyme of the 

photorespiratory glycolate pathw~ of higher plants. Its activity is 

assooiated with aotive photorespiration, and is much higher in C
3 

plants 

than in 04 plants (Jaokson and Yolk, 1910; Tolbert, 1911). The glycolate 



oxidase activity reported here for ~. canadensis during the winter 

months, is similar to that of lie verticillata being approximately 15~ 

of that found in spinach, a typical C3 plant (Van et al., 1976). 

The experimental conditions for winter samples could have been more 

conducive to higher levels of 02 inhibition of apparent photosynthesis 

than for summer samples because they were more fully light saturated. 

However, whilst it ~ be true that photorespiration increases with 

inoreasing light intensity (Jackson and Volk, 1970; Zelitch, 1911). 

percentage inhibition of apparent photosynthesis by 02 in E. canaden$!S 

is unaffected by irradiance under similar experimental conditions to 

those used here (thesis Section 3). Thus, as 02 inhibition of apparent 

photosynthesis and percentage inhibition of apparent photosynthesis by 

02 showed very similar seasonal patterns (Figures 5.5C and D and 5.6C 

and D), it is unlikely that the seasonal trends described are 

accentuated by the lower light saturation point of winter samples. 

CONCLUSIONS 

The light saturation point of apparent photosynthesis in E. canadensis 

exhibited a seasonal pattern of variation adapted to environmental 

changes, being greatest in summer when insolation was high, and lowest 

in winter when insolation was least. 

B,y contrast, the temperature optimum for photosynthesis and dark 

respiration did not vary seasonally. The optimum was above the 

temperatures normally occurring in the field in sun~er, indicating 

perhaps an inflexible, genetic adaptation to the warmer summer 

oonditions in the North American waters from which this species was 

introduced into Britain. There was no evidence of dormancy in winter, 

o 
and the light-saturated rate of photosynthesis at 10 C showed no 
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perceptible variation throughout the year. Stands of E. canadensis 

were probably held in a quiescent state by low temperature and/or 

light availability, but seemed well able to exploit brief periods 

of warm, bright weather even in midwinter by temporarily increased 

photosynthesis. The photosynthetic ~O between 10 - 200 C showed 

seasonal adaptation, passing from a minimum in winter to a maximum 

in summer. This probably had no significance for the plant's winter 

performance, but may have permitted more active photosynthetio response 

to daytime temperature rises in summer. 

~~ture leaves were generally less active than young ones, in 

photosynthesis and respiration, as reported in more detail in thesis 

Seotion 4, but the two types of leaf showed similar seasonal light and 

temperature responses. 
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Oxygen inhibition of photosynthesis and activity of the photorespiratory 

enzyme glycolate oxidase, were lowest in the summer months for 1 cm 

leaves, but did not vary seasonally in 6 cm leaves. This pattern may 

be a reflection of the relatively young age of 1 cm leaves in the 

summer, or an adaptation induced by environmental conditions. It is 

likely to be advantageous to the plant under the high temperature, 

O
2 

and pH and low CO
2 

conditions which oocur in dense plant stands 

in summer, as it will curtail loss of carbon through photorespiration 

in the tips of the growing shoots. 
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In view of the fact that Elodea canadensis shows adaptations to 

seasonal variations in light availability and has reduced photorespiration, 

as indicated by reduced 02 inhibition of photosynthesis, in the SU~1er, 

this next section describes the effect of leaf position on these two 

phenomena. 



6. SEASONAL TRENDS IN APPA.tt8NT PHOTOSYNTHESIS AND RESPIRATION 
IN LEAVES OF DIFFERENT INS~RTION LEVEL OF THE SUBUERSED 
MACROPHYTE ELODEA CA.~ADENSIS 

ABSTRACT 

The responses of apparent photosynthesis and dark respiration in 

detaohed leaves of Elodea canadensis Michx. (Hydrooharitaceae), 

taken from different insertion levels, to light and oxygen 

concentration were determined under standard laboratory conditions 

between June 1918 and June 1919. The light-saturated photosynthetic 

rates, light saturation and light compensation points were greatest in 

the summer months. Their magnitude was greatest in. apical leaves and 

was reduced as distanoe from the apex increased. These trends are 

discussed in relation to photosynthetic adaptation to irradiance and 

known aging effects on photosynthesis of both terrestrial and aquatic 

plants. 

Oxygen inhibition of apparent photosynthesis exhibited a general trend 

of increasing magnitude to a level at a certain distanoe below the 

apex, and thereafter declined to the oldest leaves. The level of 

inhibition in summer apioal leaves was much less than in corresponding 

winter leaves. These patterns are discussed in relation to aging 
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effects on the photorespiratory metabolism of leaves and the possibility 

of amelioration of photorespiratory loss during summer. 

INTRODUCTION 

In the aquatic environment many factors may interplay to affect the 

photosynthetic rate of submersed macrophytes. Plant-induced changes 

in the water e.g. supersaturation with 02' increased temperature, 



increased pH and reduced CO2 (Bamforth, 1962; Brown ~ ~., 1974; 

Dale and Gillespie, 1977; Van et ~., 1976) may exert their effect 

on the photosynthetic activity of plants. The effect of these 

conditions may be caused by altering the ratio of photosynthesis to 

photorespiration. All the above plant-induced changes create 

conditions favouring the~low of carbon through the photorespiratory 

glycolate pathw~ (Jackson and Volk, 1970; Zelitch, 1971), and these 

conditions ~ be expected to occur more frequently in the summer 

when growth is rapid and densities high (e.g. Sculthorpe, 1967). 

Photorespiration is of wide occurrence in the plant kingdom and has 

been demonstrated in many aquatic plants, including ~. canadensis 

(Brown et al., 1974; Hough, 1979; Kutyurin et al., 1964; Spndergaard, 

1979; thesis Section 3). The magnitude of photorespiration in some 

aquatic plants has been shown to be lower in summer than in autumn 

(Bowes ~ al., 1977a; Hough, 1974; Slndergaard, 1979). However, it 

is not certain whether this lower summer activity is similar to that 

ascribed to aging effects on photorespiration reported for terrestrial 

plants (e.g •. Catsky ~ ~., 1976; Hodgkinson, 1974; Kisaki et al., 

1973) or whether it is caused by environmental triggers affecting the 

RuHP/PEP carboxylase ratio (Bowes et al., 1977a). Despite this 

unoertainty, there is no doubt that a reduced potential for 

photorespiration in the summer would be advantageous to an aquatic 

plant exposed to conditions that would otherwise favour this process. 

In this stu~ the extent of photorespiration (indicated by 02 

inhibition of apparent photosynthesis) was monitored for~. canadensis 

leaves of different insertion levels at intervals over a period of 

one year. 
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Aquatic plants may also exhibit adaptation to light of different 

intensities (e.g. Adams ~ al., 1914; Bowes ~ al., 1911b; Gessner, 

1938; Ikusima, 1966; Spence and Chrystal, 1910). Available light 

will vary with season, and also with change in plant biomass and 

epiphyte encrustation which will determine self-shading. It was 

for these reasons that light saturation charaoteristics of 

!. canadensis leaves of different insertion levels were monitored 

through the same one year cycle. 

MATERIALS AND METHODS 

Plant Y.aterial 

Samples of E. canadensis were collected from the Leeds and Liverpool 

Canal, near Aintree, Merseyside (o.s. 393990) on six occasions 

between June 1918 and June 1919. These samples were maintained in 

the laboratory in canal water at 15°C, under a 16 hour photoperiod 

-2 -1 ( ) with illumination at 54pE m s PAR. All physiologioal 

measurements were made within 4 d~s of collection. When necessary, 

epiphytes were removed by gently brushing the leaves and rinsing 

in several changes of water. 

Photosynthetic and RespiratorY Rate Determination 

Photosynthetic and respiratory rate of leaves were measured as 02 

evolution or uptake using a Clarke-type 02 electrode (Rank Brothers, 

Cambridge). The light source was a 250-W projeotor bulb, and the 

intensity was varied by altering the distance between the light 

source and the reaction vessel. In tests on the irradiance 

response of leaves, the leaves were exposed first to randomised 

lower light intensities and then to higher light intensities. At 
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these higher light intensities (light saturation point and above) 

the leaves were exposed to successively increasing light. This 

pattern of exposure was employed to minimise the risk of light 

damage to the photosynthetic apparatus, although no such damage 

was evident at the highest light intensities, because the same 02 

exchange rates were obtained at lower light intensities both before 

and after exposure to high light intensities. 

Leaf samples comprised the three leaves of a whorl, and were taken 

from undamaged mainstems only from positions 0.5,1, 5, 10,20 and 
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30 cm below the apex. These samples were placed directly into the 

assay solution, which was a modified Forsberg Medium No. II (Forsberg, 

1965), modified by omission of Na2Si0
3

, and containing. 2.4 mM total 
. -1 

inorganic carbon; 50 mM Tris-HC~, pH 1.5; and 2 or 10 me 02 1 

achieved by sparging with N2 or 02 gases as appropriate. Oxygen 

exchange was determined at 20°C in the light or darkness. All 

treatments were run in triplicate. 

Leaf chlorophyll content was determined by the method of Arnon (1949). 

RESULTS AND DISCUSSION 

Light Saturation Curves 

The apparent photosynthetic response curves of E. canadensis leaves 

to light intensity for leaves excised from positions of 0.5 to 30 cm 

below the apex and sampled at intervals between June 1918 and June 1919 

are shown in Figure 6.1. The general pattern in su~~r samples was one 

of rapid light-saturated photosynthesis and high light saturation 

point in the apical leaves, with a gradual reduction in both of these 



Fieure 6.1 Seasonal patterns of apparent photosynthetic 02 evolution 

in !. canadensis leaves of different insertion level to different 

PAR irradiances. The assay solu~ion was a modified Forsberg medium 

No. II containing 2.4 total inorganic carbon and 50 ~l Tria-Hel 
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-1 
pH 1.5. Oxygen exchange was deter~ined in the light under 10 mg 02 1 • 

All data points in this and subsequent fi~~res represent the mean of 

triplicate determinations. 
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parameters as distance from the apex increased. These high su~~er 

values were reduced as winter approached, until January when the 

lowest light saturation points and light-saturated photosynthetic 

rates were recorded. Thereafter they increased again to restore 

high values in the following summer (Figure 6.1 and Tables 6.1 and 

6.2). Light compensation points were derived by regression analysis 

of the data and showed a similar trend to that of light saturation 

points, being generally high in summer apical leaves and reduoed 

in subapical and winter leaves (Table 6.3). 

Photosynthetio adaptation to light has been reported for many aquatic 

plants, inoluding E. crispa (Gessner, 1938), Hydrilla vertioillata 

(Bowes ~ !i., 1977b), Myriophyllum spicatum (Adams ~ ~., 1974) 

and Vallisneria denseserrulata(Ikusima, 1966). The reduction in 

the irradiance required to saturate apparent photosynthesis with 

increasing distance from the apex (Figure 6.1 and Table 6.1) may be 

an adaptation to reduced light availability with depth, whioh results 

from light attenuation by water and plant material (Hutchinson, 1961; 

Sculthorpe, 1961), epiphyte encrustation (Sand-Jensen, 1977) and marl 

deposition (Wetzel, 1960). The winter reduction in light saturation 

point may be an adaptation to generally reduoed insolation during 

winter months. During sampling, care was taken to obtain plants 

from approximately the same position in the water column, so that 

depth differences in irradiance were not superimposed on seasonal 

differences in insolation. However, light attenuation with depth 

could further reduce the available light to field winter plants in 

deeper water. The canal is shallow (mean depth 1 - 1.5m) and the 

plants sampled had growing tips at a depth of 10 - 20 om, avoiding 

horizontally growing surfaoe plants in the summer. In general, 
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Table 6.1 Seasonal effect on light saturation point of E~ canadensis leaves of different insertion 

level 

Leaf Position 
(em below the 

apex) 

0.5 

1 

5 

10 

20 

30 

June 
1978 

510 

440 

340 

340 

340 

290 

( -2 -1) Lisht Saturation Point pE m s 

August 
1976 

500 

320 

290 

260 

250 

250 

November 
1976 

340 

320 

300 

290 

290 

260 

January 
1979 

260 

250 

250 

. 250 

240 

220 

March 
1979 

290 

290 

270 

250 

240 

230 

June 
1979 

350 

320 

290 

280 

270 

240 

... 
en 
;:> 



Table 6.2 Seasonal effect on light saturated photosynthetic rate of E._canadensis leaves of different 

insertion level 

Leaf Position 
( -1 -1) Light-saturated Photosynthetic Rate p8 O2 mg Chl min 

(cm below the 
apex) June August November January Maroh June 

1978 1978 1978 1979 1979 1979 

0.5 42.1 .t. 2.3 37.1 .t. 2.6 32.5 .t. 2.6 25.5 ± 1.5 33.7 ± 2.2 40.9 ±. 3.1 

1 35.3 ± 1.6 32.0 ±. 1.8 31.6 ±. 0.4 23.6 ± 1.0 31.4±1.0 36.1 ± 1.6 

5 30.5 ± 3.3 25.5 ± 0.2 26.2 ± 0.6 20.4 ± 0.4 22.0 ± 2.3 29.5 ± 1.0 

10 25.9 ± 1.3 25.0 ± 0.9 24.4 ±. 1.1 17.6 ± 1.0 17.7 ±. 3.1 27.1 ±. 1.0 

20 24.1 ± 1.3 22.4 ±. 1.2 23.6 ± 2.0 15.3 ± 1.4 15.6± 1.0 23.3 ± 0.8 

30 19.7 ± 1.1 11.1 ± 1.1 20.8 ± 2.3 13.0 ± 1.6 12.2 ± 0.5 20.3 ± 1.7 

Mean of three replicates ± standard deviation 

~ 
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Table 6.3 Seasonal effect on light compensation point of !._canadensis leaves of different insertion 

level 

Leaf Position 
(em below the 

apex) 

0.5 

1 

5 

10 

20 

30 

June 
1978 

16.7 

15.2 

13.6 

13.0 

11.6 

10.0 

August 
1978 

19.9 

18.8 

15.3 

15.6 

14.1 

5.7 

( -2 -1) Light Compensation Point pE m s 

November 
1978 

19.6 

13.4 

12.6 

11.1 

10.5 

12.5 

January 
1979 

14.2 

11.3 

11.5 

12.9 

9.9 

7.8 

March 
1979 

21.2 

16.2 

13.6 

10.5 

11.9 

4.5 

June 
1979 

23.2 

21.7 

17.2 

14.9 

10.6 

10.7 

1-6 

at 
,'" 



leaves on the main growing stem were bright green and intact down 

to approximately 30 cm, but below this distance were blackened and 

eroded especially in winter. 

The slower light-saturated photosynthetic rate in lower leaves 
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(Figure 6.1 and Table 6.2) may be related to aging effects on 

photosynthesis. In terrestrial plants leaf insertion level, and thus 

leaf age, affects photosynthetic and respiratory metabolism. Reported 

patterns vary and appear to depend on the units of expression. One 

pattern is increased photosynthetic activity up to full leaf expansion, 

and thereafter a steady decline, with greatest dark respiratory rates 

in apical leaves. when rates are expressed per unit leaf area 

(Dickmann ~ ~ •• 1915; Kieaki ~ ~ •• 1913). Another pattern is 

high photosynthetic activity in young leaves followed by a steady 

decline to senescence when rates are expressed per unit chlorophyll 

(e.g. Mokronosov and Nekrasova, 1911). It seems probable that 

similar aging effects will occur in aquatic plants, and may explain 

the reduced photosynthetic activity of !. canadensis leaves with 

increased distance from the apex. 

Changes in response of dark respiratory rate to the preceding light 

intensity of leaves excised atdifferent distances froo the apex are 

shovm in Figure 6.2. In general increased light intensity caused an 

increased dark respiratory rate. but tended to stabilise when the light 

saturation point of photosynthesis was reached. Apical leaves 

exhibited the greatest dark respiratory 02 uptake, and this gradually 

declined with increased distance from the apex. This decline could 

be related to aging effects on metabolism in a manner similar to that 

discussed for apparent photosynthesis. Dark respiration was also 



Figure 6.2 Seasonal patterns of dark respiratory 02 uptake in 

~. canadensis leaves of different insertion level to the preceding 

PAR irradiance. Assay conditicns were as described in Figure 6.1. 
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Table 6.4 Seasonal effect on dark respiration of !. oanadensis leaves of different insertion level 

exposed to saturating irradiance before rate determination 

Leaf Position 
(em below the 

apex) 

0.5 

1 

5 

10 

20 

30 

June 
1918 

6.6 ± 0.6 

4.5 ± 0.5 

3.5 ±. 0.5 

3.4 ± 0.2 

3.5 ± 0.8 

2.6 ± 0.2 

( -1 -1) Dark Respiration Rate P8 O2 mg ChI min 

August 
1918 

1.0 ± 0.5 

6.4 ± 0.6 

3.6 + 0.2 

3.4 ± C.2 

3.6 ± 0.5 

3.1 ± 0.4 

November 
1918 

4.9 ± 0.6 

4.7 ± 0.9 

4.0 ± 0.5 

3.7 ± 0.1 

3.9 ± 0.5 

3.5 ±. 0.2 

January 
1919 

5.2 ± 0.4 

3.6 + 0.3 . -
3.5 ± 0.3 

3.2 ± 0.6 

2.9 ± 0.6 

3.2 ±. 0.2 

Mean of three replicates ± standard deviation 

March 
1919 

1.1 + 1.1 

5.2 ±. 0.2 

3.5 ± 0.5 

3.5 ± 0.5 

3.3 ±'0.6 

2.6 ± 0.2 

June 
1979 

8.0 ± 0.6 

7.7 ± 0.4 

3.9 ± 0.2 

4.2 ± 0.4 

4. 1 ±0.3 

5.3 ±. 0.4 

... 
t1! 
~ 



slightly reduced in winter leaves compared with sumoer ones and this 

reduction may be related to aging, winter leaves being proportionately 

older than leaves of the same insertion in su~~er(Tabl e 6.4) 

Oxygen Inhibition of Apparent Photosynthesis 

The use of oxygen inhibition of photosynthesis to indicate the 

magnitude of photorespiration relies upon the assumption that dark 

respiration is unaffected by 02 concentrations above 2~ (Jackson and 

Yolk, 1970). Whilst this may be valid for terrestrial plants, it is 

not necessarily so for aquatic plants (e.g. Dro~~oole, 1978; Owens 

and Maris, 1964; Westlake,1967; thesis Section 3). However, as the 

increase in dark respiratory 02 uptake caused by increasing the 02 

-1 
concentration from 2 to 10 mg 1 was less than the 02 inhibition of 

apparent photosynthesis in all cases except the most apical leaves 

sampled in the summer, 02 inhibition of apparent photosynthesis was 

taken here as an indicator of the magnitude of photorespiration. (See 

Section 3 for a more detailed discussion). 

Differences in 02 inhibition and percentage inhibition of 

photosynthesis are shown in Figures 6.3 and 6.4 respectively. There 

were marked changes in 02 inhibition of apparent photosynthesis with 

both leaf position and season. In general inhibition was greatest 

some distance below the apex, and rather less both near the apex and 
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towards the base of the plant. This pattern of change in 02 inhibition 

of photosynthesis with leaf insertion level conforms with aging 

effects on photorespiration in many terrestrial crop plants which 

generally have low photorespiration in young leaves, increasing to 

a maximum in fully expanded mature leaves and then declines to 



Figure 6.3 Seasonal patterns of O2 inhibition of apparent 

photosynthesis in E. canadensis leaves of different insertion level. 

Inhibition is expressed for rates at 10 relative to those at 

-1 2 mg O2 1 • Assay conditions were as described in Fieure 6.1 

except that rates were determined at a PA.~ irradiance of 

-2 -1 290 pE m s • Bars indicate LSD at P = 0.05 for comparing anyone 

mean on a line with any other mean on the same line. 

For reference, the enhancement of dark respiration (0) caused by 

10 ms 02 1-1 is included far comparison with the data on 02 inhibition 

of apparent photosynthesis (e). 
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Figure 6.4 Seasonal patterns of percentage inhibition of 

photosynthesis caused by 0 in~. canadensis leaves of different 
2 

insertion level. Assay conditions were as described in Figure 6.3. 

Bars indicate LSD at P = 0.05 for comparing anyone mean on a line 

with any other mean on the &ame line. 
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senescence (Catsky ~ ~., 1916; Hodgkinson, 1914; Kisaki ~ ~l., 

1913), and is also consistant with the possibility of aging 

contributing to seasonal changes in photorespiration of aquatic plants 

(Bowes ~ al., 1911a; Hough, 1974; Spndergaard, 1919). The gradual 

shift in the position of greatest 02 inhibition of photosynthesis 

towards the apex in the winter may again be because apical leaves 

in the winter are proportionately older than leaves of the same 

insertion level in the summer. 

Winter apical leaves of !. canadensis exhibit higher 02 inhibition 

of photosynthesis than summer apical leaves. Similar trends in 

photorespirator,y metabolism can be inferred from the report of 

Spndergaard (1919) that the CO2 compensation point of ~. canadensis 

doubled between May and September. ijydrilla verticillata exhibited 

a high CO2 compensation point in the winter, and a low one in summer 

(Bowes ~ ~., 1977a). In this latter instance the low CO2 

compensation point corresponded to an increase in the proportion of 

PEP carboxylase compared with RuBP carboxylase which could explain 

some of the reduced photorespirator,y activity by a shift from 0) to 

04 metabolism. However, immaturity has been associated with high PEP 

carboxylase activity in terrestrial plants (Kisaki ~ ~.t 1913; 

Mokronosov and Nekrasova, 1971) and some of the seasonal shift in 

RuBP and PEP carboxylase activity noted by Bowes ~ al., (1911a) for 

E. verticillata could be caused by the varying nk~turation state of the 

apical segments used. 

Reduced photorespiratory activity in the s~~er rnay be caused by 

such environmental triggers as daylength and temperature, as suggested 
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by Bowes ~~. (1977a), or may be a reflection of the relatively 

young average age of such leaves at that time of the year. In 

either case, it is likely to confer advantages on tho plant under 

swruner conditions of high irradiance, high temperature, high 02 and 

low CO2 (e.g. Bamforth, 1962; Brown et .~., 1974; Dale and Gillespie, 

1977; Van ~ al., 1916). Such conditions stimulate deleterious loss 

or carbon through the photorespiratory glycolate cycle (Jackson and 

Volk, 1970; Zelitch, 1971), and any reduction in the potential for 

such loss must be advantageous to plants exposed to such conditions 

during their main growing season. 

CONCLUSIONS 

Light-saturated photosynthetic rates, and light saturation and 

compensation points of !~ canadensis leaves were greatest in the 

summer months when insolation was high, ani least in the winter wllen 

insolation was low. The magnitude of these parameters was greatest 

in the apical leaves and was reduced as the distance from the apex 

increased. The trends in light saturation and oompenaation points 

may be the result of photosyn~hetic adaptation to seasonal chanGes in 

insolation, and in light attenuation caused by water, plant material, 

epiphyte and marl encrustations in natural plant stands. Such 

adaptations could ben~fit the plant by permitting photosynthesis 

under low winter irradiances and allowing carbon fixation to occur 

in the older, more sh~ded leaves, thereby either reducing the 

respiratory drain of these shaded leaves on the rest of the plant or 

permitting them to contribute some fixed carbon to th8 new growth. 

Oxygen inhibition of apparent photosynthesis was greatest some 

distance below the apex, and rather less both near the apex and 
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towards the base of the plant. Such differences may be related to 

aginS effects similar to those reported for terrestrial plants. 

This inhibition was also least during the summer months, and may be 

a reflection of the relatively young age of such leaves in the 

su~~er, or an adaptation induced by environmental conditions. In 

either case, it may indicate some control of the potential for 

ca~bon loss through the photorespirator,y cycle. Such control is 

likely to be advantageous to the plant under summer conditions of 

high temperatura, irradianca, 02 and low CO2 which would otherwise 

tend to stimulate deleterious carbon loss during the main growing 

season. 
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Interspecific competition for light has often been cited as a major 

factor controlling plant distribution and competitive success in 

natural waters. However, the photosynthetic performance of Elodea 

canadensis is severely limited by high 02' high pH and low CO2 

conditions, all of which develop in the water surrounding 

photosynthesising aquatic plants. Therefore in this section, the 

photosynthetic performance of !. canadensis and two of its algal 

competitors are compared to ascertain whether factors other than 

competition for light might help to explain reductions of 

E. canadensis biomass in nutrient rich sections of the Leeds and 

Liverpool Canal in South Lancashire. 
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1. COMPARATIVE STUDIES ON THE PHOTOSYNTHESIS OF THE SUBMERSED 
MACROPHYTE ELODEA CA..~ADE:ifSIS AND THE FILAUEUTOUS ALGAE 
CLADOPHORA GLml!ERATA AND SPIROGYRA SP. 

ABSTRACT 

The photosynthetic and respirator,y responses of Elodea canadensis 

Michx., Cladophora glomerata Kutz and Spirogvra apo to oxygen, 

temperature, HC03- concentration, pH and irradiance were determined. 

Photosynthesis was inhibited by O2 in all three species under all 

conditions, and inhibition was greatest in E. canadensis. This 

inhibition was not caused solely by an accelerated rate of dark 

respiration, and this suggests that photorespiration may be an 

important factor controlling productivity, particularly in 

!. canadensis. 

The photosynthetic performance. of E. can~densis was impaired much 

more than was that of either of the filamentous algae under 

conditions of high pH and low CO2 concentrations. The possibility of 

these algae increasing the pH and reducing the CO2 content of the 

water as a result of their photosynthesis with consequent deleterious 

effects on macrophyte photosynthesis is discussed. Such a plant-

induced change in water quality could give ~. glomerata a competitive 

advantage over !. canadensis, and be a factor in the replacement of 

the vascular plant by the alga in soma waters. 

INTRODUCTION 

The aquatic environment experiences rapid diurnal changes in many 

factors that may affect the photosynthesis of submersed vegetation. 

Such changes include daytime supersaturation of the water with O2 , 

reduced availability of CO2 , increased pH and also increased 
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temperature (e.g. Bamforth, 1962; Brown et al., 1914; Dale and 

Gillespie, 1911; Van ~ al., 1916). The ability of a plant to 

photosynthesise effectively in such changing conditions ~~ 

influence its competitive success and therefore affect species 

composition of a water body. 

Some reports suggest that interspecific competition for light, CO2 

and nutrients affeots species composition, and that light 
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availability ~ be an important factor. The dominance of Hydrilla 

verticillata over native aquatic vegetation in Florida has been 

attributed to its low light requirement for photosynthesis (Van ~ ~., 

1916). Compared to native species, ~. verticillata required less 

light to half-saturate photosynthesis, and had a lower light compensation 

point. This enabled it to outcofilpete native species during regrowth 

from the sediment and allowed photosynthesis in dense weed mats when 

light was limiting. A similar correlation between photosynthetic 

responses to light by three exotio macrophytes and their ability to 

displace native vegetation has also been reported in New Zealand 

lakes (Brown ~ ~., 1914). 

Competition between algae and macrophytes has also resulted in 

changing species composition of waterbodies. The disappearance of 

Najas marina from Upton Broad was correlated with the appearance of 

a large Spirogyra oommunity anel shading of the macrophyte by this alga 

was thought to be the cain factor (Phillips ~ al., 1978). Si~ilarly 

" Cladophora glome;ata Kutz has gradually replaced vascular macrophytes 

in a nutrient enriched river (Lund and Bolas, 1974). Such a 

displacement is usually associated with eutrophication of the water 

which increases nutrient supply and allows growth of epiphytic and 
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filamentous algae, which subse.;uently shade the macrophytes to 

below compensation (Phillips ~ ~., 1978). In nutrient-poor waters, 

vascular rooted plants can obtain nutrients from mud through roots, 

whereas algae may be limited to nutrients from the water. When 

nutrient supply in the water is increased, the competitive advantage 

of vascular plants is lost, and algal growth is stimulated. However 

epiphytic algae have been shown to reduce eelgrass photosynthesis 

by limiting CO2 supply as well as by shading them (Sand-Jensen, 1977). 

In reoent years the species composition of the submersed vegetation in 

.parts of the Leeds and Liverpool Canal in South Lancashire has 

changed froe a community dominated by Elodea canadensis Michx. to one 

dominated by the filamentous alga Q~ glomerata sometimes with Spirogyra 

spp. intermingled. The stretch affected receives nutrient-rich water 

through a feeder at the upstream end. The water immediately surroundinG 

actively photosynthesising algae is often supersaturated with 02 and 

has a high pH value which is often locally in excess of pH9. High 0 , 
2 

high pH and correspondingly low CO2 conditions stimulate photorespiration 

in!. canadensis and severely limit ~ photosynthetic activity (thesis 

Section 3). Thus the main aim of this work was to determine whether 

differential photosynthetic performance of !. canadensis and the 

filamentous algae Q. glomerata and Spirogyra sp. under simulated field 

conditions could explain the decline in!. canadensis biomass noted in 

the field. 

MATERIALS AND METHODS 

Plant Material 

Samples of !. canadensis, C. glomerata and Suirogyra sp. were coDected 

from the Leeds and Liverpool Canal, near Aintree, Merseyside 



(0.5. 393990). The total inorganic carbon content of the water was 

2 ~!. The apices of the !. canadensis stems were within the top 

25 em of the water column, with £. glomerata and Spirogyra ap. 

intermingled. Therefore all three species came from the same depth 

and probably experienced the same water conditions. Plants and 

algae were maintained in the laboratory in canal water at 150 C under 

a 16 hour photoperiod, 54 pE m-2s-1 (PAR) irradiance. Photosynthetic 

and respiratory oxygen exchange rates were measured within 4 days of 

collection. 

Photosynthetic and Respiratoty Rate Determination 

Unless otherwise indicated photosynthetic and respiratory rates of 

!. canadensis and the filamentous algae were measured as O2 evolution 

or uptake at 20°C using a Clarke-type O2 eleotrode (Rank Brothers, 

Cambridge). O2 exchange was determined for the 3 leaves of a whorl 

excised 3 em below the apex of ~ canadensis, and for 0.5 em cut 

lengths of £. glomerata and Spirogyra filaments that had been washed 

several times to remove cell debris. The light source was a 250-W 
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-2 -1 projector bulb and the reaction vessel was illuminated to 290)lE m s 

PAR irradiance. The intensity was varied when necessary by altering 

the distance between the light source and reaotion vessel. During 

tests to determine the response of specimens to irradiance, the plant 

material was first exposed to randomised lower light intensities and 

then to higher light intensities. Above light saturation point the 

plant material was exposed to successively increasing light intensities. 

This pattern of exposure was designed to minimise the risk of light 

damage to the photosynthetio apparatus although there was no evidence 

of such damage. 



Temperature was controlled by circulating water of the appropriate 

temperature through the outer jacket of the elctrode. All specimens 

were incubated for 30 minutes at the relevant temperature before 02 

exchange rates were determined. 

Photosynthetic and respiratory rates were measured in 3 cm3 of a 
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Forsberg medium No. II (Forsberg, 1965) modified by omission of Na2Si0
3 

and carbon sources. Buffer components were varied to cover the re;luired 

pH range i.e. 50 mM NaCitrate-NaH2P0
4 

for pH 5 to 6, 50 roM Tris-H~ for 

pH 1 to 9. Photosynthesis was initiated by injecting 0.1 cm3 NaHC0
3 

solution to give a final ooncentration of 2.4 mM HC0
3
- which 

approximated to that present in the oanal water. In experiments at 

higher H00
3
- concentrations, the buffering capacity of the added 

HC0
3
- was compensated for by addition of predetermined amounts of 

0.2 M H01. All treatments were run in triplicate. 

The buffered solutions were sparged with N2 and/or 02 gases to give 

the desired initial 02 concentration before immersion of plant samples 

and injection of HC0
3
- solution. 

The method of Arnon (1949) was used for all chlorophyll d9terminations. 

OxYgen Inhibition of Photosynthesis 

Oxygen inhibition of apparent photosynthesis is expressed as the rate 

-1 -1 
of photosynthesis at 10 mg 02 1 relative to the rate at 2 mg 02 ~ 

and was used in this study to indicate the extent of photorespiration. 

Suoh use normally assumes that dark respiration rates are unaffected 

by 02 oonoentrations above 2% (Jackson and Volk, 1910). However dark 

respiration is affeoted by 02 concentration in aquatic plants 

(Dromgoole, 1918; Westlake, 1967; thesis Seotion 3) but in most 



instances in this study the enhancement of dark respiration caused by 

increased 02 was insufficient to account for the observed inhibition 

of photosynthesis. The exceptions were at 12 mM HCO)- concentration 

in~. canadensis and Spirogyra, pH 5 and 6 in ~. glome rata and 

Spirogyra and pH 5, 6 and 9 in ~. canadensis. As high CO2 conditions 

do not favour photorespiration it was considered that 02 inhibition 
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of photosynthesis could be used to provide an estimate of photorespiration. 

RESULTS ~~ DISCUSSION 

The effect of Temroerqture. on Oxygen Exchange 

The photosynthetic and respiratory responses of !. canadensis, 

Q. glomerata and Spirogrra sp. to temperature are shown in Figure 7.1. 

Elodea canadensis had the highest temperature optima for photosynthesis 

and dark respiration, these being between 250 and 30°C for both 

processes. The optimum temperatures for photosynthesis in both 

Q. glomerata and Spirogyra sp. were somewhat lower, at approximately 

20°C andtheir optima for dark respiration about 25°C in both cases. 

The photosynthetic temperature optimum reported here for Q. glomerata 

corresponds to optimum temperature requirements of 18°C reported 

elsewhere (Bellis and MCLarty, 1967, \Vhitton, 1910) and is only 

° slightly less than the upper temperature tolerance limits of 23.5 C 

derived from field observations (Wong ~ ~., 1918) and of 24-25°0 

from laboratory investigations ('Nhit ton, 1967). CladonhorS! glomera ta 

has been shown to exhibit seasonal periodicity, with intense 

vegetative growth occurring twice yearly at the onset and return of 

intermediate (15 ..:!"4°C) water temperatures (Bellis and McLarty, 1967; 

Thurman and Kuehne, 1952). The relatively high photosynthetio 



Figure 7.1 The effect of temp~rature on apparent photosynthetic 02 

evolution and 02 uptake in the dark (top), and oxygen inhibition of 

apparent photosynthesis (bottom) of ~. canadensis, Q. glomerata and 

Spirogyra sp. The assay solution was a modified Forsberg medium 

No. II oontaining 2.4 mM total inorganic carbon and 50 mM Tria-Hel, 

-1 
pH 1.5. Oxygen exch~Be was determined under 10 fig 02 1 and 

-2 -1 
290 FE m s PAR irradiance. Inhibition is expressed as the rate 

-1 -1 
at 10 me 02 1 relative to that at 2 mg 02 1 . All data points in 

this and subsequent figures represent the mean of triplicate 

determinations. Bars indicate LSD at P = 0.05 for comparing anyone 

mean on a line with any other mean on the same line. 
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temperature optimum of 25-300C for!. canadensis is in accordance 

with the rapid net assimilation reported for this species at high 

temperature (Allen, 1973) and may give it a competitive advantage 

over species with lower temperature optima during hot su~~ers in 

temperate waters. However, the normal d~time temperatures in the 

Leeds and Liverpool Canal are considerably lower than the optimum 

for!. canadensis and measurements indicate an annual mean over 

o 5 years of 11-12 C with usually less than 30 days each su~~er above 

20°C. Thus this potential advantage may be of little actual value 

in this species. 

Increased temperature resulted in increased 02 inhibition of apparent 

photosynthesis in all three species (Figure 7.1). This inhibition 

was maximal in E. canadensis at the same temperature as the optimum 
- inhibition. 

for photosynthesis, but the maximum attained in ~. glomerata 

and Spirogy-ra sp. were at 150C higher than the temperature optimum 

for photosynthesis. Both types of relationship between the optimwn 

temperatures for 02 inhibition and photosynthesis have been reported 

in terrestrial plants where maximum 02 inhibition has been found at 
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the temperature of maximal photosynthesis (e.g. Ku and Hunt, 1973; Ku II 

~., 1977) and also at 10-15°C higher than the maximal photosynthesis 

(e.g. Jolliffe and Tregunna, 1968; Pearson and Hunt, 1972). 

The effect of CO
2 

on Oxygen Exchange 

Under saturating CO2 concentrations, apparent photosynthesis W3.S 

greatest in Spirogyra sp. least in Q. ~lomerata and intermediate in 

!. ,canadensis (Figure 7.2). However, the apparent Km(HC0
3 
-) values 

for photosynthesis in Spirogyra sp. and ~. glomerata were 0.2 and 0.3 ~~ 

respectively, which were much lower than the value of 1.9 mM in 
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Figure 7.2 The effect of HC0
3
- concentration on apparent photosynthetic 

02 evolution and 02 uptake in the dark (top), and oxygen inhibition of 

apparent photosynthesis (bottom) of !. canadensis, £. glomerata and 

o Spiroerra sp. at 20 C. Other ass~ conditions were as described for 

Figure 7.1. Bars indioate LSD at P a 0.05 for cocparing any one mean 

on a line with any other mean on the same line. 
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!. canadensis. These large differences in apparent Km for 

photosynthesis suggest that the two filamentous algae were better 

adapted to maintain photosynthetic activity in low CO
2 

concentrations 

than was E. canadensis. 

Photosynthetio use of CO2 at low ambient CO2 ooncentrations ~ be 

facilitated by the enzyme carbonic anhydrase which catalyses the 

In 

general submersed aquatic plants have very low carbonic anh3drase 

aotivity compared with terrestrial plants (Van ~ ~., 1976) and 

also with floating-leaved, freefloating and emergent macrophytes 

(Weaver and Wetzel, 1980). In contrast various algal types have 

much greater (10 to 20 times) the carbonio anhydrase aotivity when 

grown at atmospheric levels of CO2 than when grown in air 

supplemented with 1 % CO2 (Nelson ~ ~ .. , 1969) or 5% CO2 (Graham 

~ ql., 1971; Ingle and Colman, 1975). High carbonic anhydrase 

activity in algae at low CO2 concentrations ~ help to explain 

the low apparent Km(HC0
3
-) for photosynthesis found here and may 

also put such speoies at a competitive advantage in the low CO2 

conditions that develop in water surrounding vigorously photo-

synthesising plants. 

In all three species 02 inhibition of apparent photosynthesis was 

greatest at low HCO)- ooncentration and was reduced with inoreased 

HC0
3
- concentration (Figure 7.2). Percent,s,ge inhibition was 

greatest in!. canadensis at 0.15 mM HCO)-, being 54% compared with 

39% in Q.. glomarata. and 35% in Spirogyra sp. Inhibition then showed 

an exponential-type deoline to give similar, very low ()-4%) levels 
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in all three species. This inhibition was consistently greater in 

!. cana.densis than in the algae over the whole range of RCO)

concentrations tested. At 2 m1,~ RCO) -, which approximates to the 

HC03- concentration in the Leeds and Liverpool Canal, inhibition 

was 18% compared to 10% and 6% in C. glomerata and SEirogyra Spa 

respectively (Figure 1.2). 

The effect of pH on OxY6en Exchange 

The light saturated photosynthetic rate of !.canadensis was maxiuum 

at pH 5 to 6 and declined thereafter to give very low rates at pH 9 

(Figure 1.3). Similar pH effects on photosynthesis have been 

reported in other macrophytes (Brown et ~., 1914; Shiyan and 

Merezhko, 1912; Steemann Nielsen, 1960; Van ~ ~., 1916). In 

contrast the two filamentous algae showed maximum photosynthesis 
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above neutrality, and exhibited a decline in photosynthesis above pH 8. 

Photosynthetic rates of £. glomerata were very low at pH 5 and if left 

in these conditions for longer than 15 minutes photosynthetio 02 

evolution became negligible. In addition, if samples were left in low 

pH buffered solutions overnight, cells were bleached the following day. 

This poor tolerance exhibited by Q. glomerata to low pH conditions has 

been noticed in laboratory studies where growth only ooourred within 

the pH range 1 to 9 (Bellis, 1968) and can be inferred from field 

observations which indicate that this alga is restricted to natural 

waters having an average pH between 1 and 9 (Blum, 1956; Mason, 1965). 

Oxygen inhibition of photosynthesis was low at low pH in E. canadensis 

and rose to a maximum at pH 1.5. Thereafter it declined. In 

Q. slomerata and Spirogyra sp. 02 inhibition increased with increased 

pH up to pH 1.5 and pH 8 respectively and remained stable thereafter 



Figure 7.3 The effect of pH on apparent photosynthetic 02 evolution 

and 02 uptake in the dark (top), and oxygen inhibition of apparent 

photosynthesis (bottom) of !. canadensis, £. glomerata and Spiro6Yfra 

o sp. at 20 O. Other ass~ conditions were as desoribed for Figure 7.1 

exoept that the assay solution was buffered with 50 roM NaCitrate

NaH2P04 at pH 5 and 6, and 50 roM Tris-HOI at pH 7 to 9. Bars indicate 

LSD at P = 0.05 for comparing any one mean on a line with any other 

mean on the same line. 
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(Figure 7.3). Tae effect of increased pH on percentage inhibition 

of photosynthesis was greatest in~. canadensis and resulted in an 

increase from 3% at pH 5 to 45% at pH 9. The effect of similar 

pH rises on percentage inhibition in Q. glooerata and Spirogyra sp. 

were far less severe and only resulted in an increase from 12 to 15% 

and 6 to 14% respectively. 

The observed increases in percentage inhibition of photosynthesis 
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with increasing pH are consistent with reports for isolated chloroplasts 

(Dodd and Bidwell, 1971i Robinson ~ ~., 1911) and are explicable in 

terms of reduced CO2 at high pH and consequent less successful 

competition of CO2 with 02 for RuBP carbo~lase. 

The relatively greater photosynthesis and lower inhibition of 

photosynthesis sho\Tn at high pH by the filamentous algae compared with 

~. canadensis ~ put such algae at an advantage under the high pH 

conditions which develop in water surrounding vigorously 

photosynthesising water plants. 

Some uncertainty exists about the nature and existence of 

photorespiration in algae (Cheng and Colman, 1974i Chollet and Ogren, 

1975; Tolbert, 1974). l~ algae produce glycolate and possess the 

necessary enzymes of the photorespiratory glycolate pathway (Merret 

and Lord, 1973i Tolbert, 1974) but 02 effects on photosynthesis and 

photorespiration are generally lower in algae than in conventional 

C3 plants (Raven and Glidewell, 1978; Tolbert, 1974) and could be 

reduced by glycolate excretion thereby reducing available glycolate 

for photorespiration (Colman ~ al., 1974; 1~rret and Lord, 1973), 

partial limitation of an enzymatic step of the glycolate pathway 



(Bruin ~ ~., 1970) an~or efficient refixation of photorespired 

CO2 (Goldsworthy, 1970; Raven and Glidewell, 1918). However glycolate 

excretion and refixation must still reduce the plant's assimilator,y 

potential. Some workers have concluded that conventional photo-

respiration does not exist in algae (Bidwell, 1911; Lloyd et al., 

1971) but their inability to detect CO2 evolution in illuminated 

chlorophyte algae may be explained by efficient reassimilation 

(Raven and Glidewell, 1918). However, in most instances in this 

present study, with the exception of low pH and high CO
2 

conditions 

i.e. ones that do not stimulate photorespiration, 02 inhibition of 

photosynthesis was much greater than the enhanoement of dark 

respiration caused by similar increases in 02 concentration. Thus 

photorespiration may operate in these algae, although at a reduoed 

rate compared to other C
3 

plants. 

The effect of Light on Oxygen Exchange 

-2 -1 Photosynthesis was saturated in E. canadensis at 290 pE m s and 

-2 -1 () at 380 pE m s in £. glomerata and Spirogyra sp. Figure 7.4 • 
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However both algae and macrophytes are capable of photosynthetic 

adaptation to different light in:ensities (e.g. Adams ~ ~., 1914; 

Bowes ~ ~., 1917; Jprgensen, 1969; Spence an~ Chrystal, 1970; thesis 

Seotions 5 and 6) and therefore isolated determinations of light 

saturation point ~ not give a good indication of differences of 

significance in determining competitive success. 

Oxygen inhibition of photosynthesis increased with increasing 

irradiance to light saturation. A similar pattern was evident for 

percentage inhibition in Spirogyra sp. but inhibition represented a 

-2 -1 constant fraction of photosynthesis over the range 100 to 630pE m s 



Figure 7.4 The effect of irradiance level on apparent photosynthetic 

O2 evolution and O2 uptake in the dark (top), and oxygen inhibition 

of apparent photosynthesis (bottom) of~. canadensis, ~. glomerata 

d S i t 20oC. an p rogyrasp. a Other assay conditions were as described 

for Figure 1.1 Bars indicate LSD at P m 0.05 for comparing any one 

mean on a line with any other mean on the same line. 
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irradiance in E. canadensis and ~. ~lomerata. Percentage inhibition 

was greatest in E. c~~adensis, intermediate in Q. glomerata and 

least in Spirogyra being approximately 18, 13 and 8% respectively at 

light saturation (Fieure 7.4). 

Ecological Implications 

In terms of photosynthatic performance, ~. canadensis was much less 

effective than the filamentous algae Q. glomerata and Soirogyra sp. 

under conditions of high 02' high pH and low CO2- On the basis of 

these laborator.y studies, photosynthesis of ~. canadensis would be 

most severely limited under the high O2, high pH and consequent low 

CO2 conditions that develop in water bodies as a result of plant 

photosynthesis at high surface irradiances (e.g. Bamforth, 1962; 

Brown et al., 1914; Van et al., 1976), especially if exposed to such 

conditions for extended periods of time. 

The limitations imposed on an aquatic plant by photorespiration and 

associated 02 effects on photosynthesis ~ be reduced by a number 
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of mechanisms. These include HC0
3
- utilisation through carbonic 

anqydrase (Sculthorpe, 1967; Steemann Nielsen, 1960), active C4 
metabolism (Brown ~ ~., 1974; De Groote and Kennedy, 1977) and gas 

movement and storage within the lacunar system (Hough and Wetzel, 1977; 

Raven, 1970; Spndergaard and Wetzel, 1980). However, amelioration by 

such mechanisms may be insignificant in ~. canadensis and has been 

discussed in more detail elsewhere (thesis Sections 1 and 3). In 

contrast chloropqyte algae probably have a 'C02-pump' to increase the 

CO2 concentration at the site of photosynthesis (Raven and Glidewell, 

1978) and this may help to explain the low levels of 02 inhibition of 

photosynthesis in £. glomerata and Spirogyra sp. In addition the 



inducible carbonic anhydrase which operates at low levels of CO
2 

in 

algae (Graham ~ ~., 1971; Ingle and Colman, 1975; Nelson ~ ~., 

1969) compared with low levels of this enzyme in E. canadensis 

(Weaver and Wetzel, 1980) ~ help to explain the generally better 

performance of £. glocerata and Spirogyra sp. in low CO2 and high pH 

conditions. 

The involvement of filamentous algae in macrophyte decline has been 

inferred from laborator,y and field investigations. Photosynthetic 

14C uptake of Najas marina was reduced by 31% when placed under a 

Spirogyra community and the appearance of this alga correlated with 

the disappearance of N. marina in Upton Broad (Phillips et al., 1978). 

Spirogyra has also been responsible for retarded growth and 

disintegration of some Ceratonhyllum shoot apices after entanglement 

around them (Goulder, 1968). The gradual replacement of macrophytes 

by Q. glooerata in a nutrient enriched river has also been reported 

(Bolas and Lund, 1974). Such macrophyte decline has recently been 

. attributed to nutrient enrichment causing inoreased growth of 

epiphytic and filamentous algae which then shade the macrophytes to 

such an extent that they cannot compensate for respiration (Phillips 

et ~., 1978). However shading by algae may not be the only faotor 

involved and epiphytic algae have been shown to limit eelgrass 

photosynthesis by reducing light intensity and acting as a barrier 

to CO2 uptake (Sand-Jensen, 1977). 

The results reported here suggest another way in which filamentous 

algae oan be put at an advantage over a vascular competitor. Plant-

induoed high 02' high pH and low CO2 conditions in the water put 

vasoular maorophytes like E. canadensis under severe photosynthetic 

stress whilst the filamentous algae £. glomerata and Spirogyrn sp. 
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are less affected. The algae themselves may create conditions in 

which they can continue to photosynthesise and grow, but E. canadensis 

cannot, and hence the latter is outcoopeted. 



8. GENERAL DISCUSSION 

h.a.s 
As already been pointed out in the Introduction, it was necessarJ in 

the ca.in part of the thesis to separate out the interaction between 

environmental factors, age and leaf position on the photosynthesis 

and respiration of Elodea canadensis. In this general discussion I 

hope to draw together the physiological aspects of E. canadensis 

ecology and interpret these in relation to field conditions. To 

this end, the results of laborator.y investigations into the effects 

of environmental factors on the photosynthesis and respiration of 

E. canadensis and its algal competitors will be discussed first. 

This will be followed by a discussion of the adaptability of 

§. canadensis to certain environmental variables, with particular 

reference to light, tecperature and CO2 availability. Only minor 

reference will be made to the available literature since this has 

been referred to extensively in the relevant thesis sections. It 

should also be remembered that the results reported for ~. canadensis 

and the inferences made do not necessarily apply to other, and 

especially to non-hydrocharitacean species. 

These studies provide strong evidence for the occurrence of 

photorespiration in the submersed macrophyte ~. canadensis. This is 

evidenced by the inhibition of photosynthesis caused by 02' and it 

cannot be explained solely on the basis of increased dark respiration 

in response to increased 02 content of the experimental medium. Oxygen 

inhibition of apparent photosynthesis in ~. Canadensis is enhanced by 

increased 02 concentration (Figure 3.1), increased temperature (Figure 

3.3), reduced CO2 concentration (Figure 3.5), inoreased pH (Figure 3.1) 

and increased light (Figure 3.9). 



As a consequence of the artifici~lly favourable degree of water 

movement in the laborator,y apparatus, the thickness of the boundary 

layer next to the leaf is reduced, and this may facilitate uptake of 

CO2 by the leaf and removal of photosynthetically produced 02 from 

the leaf as compared with more statio conditions in the field. This 

will be of espeoial significance in dense weed beds in slow moving or 

still water. Such a situation would favour photosynthesis and 

underestimate the importance of 02 inhibition of photosynthesis in 

intact field plants. Nonetheless, the relatively low level of 

photosynthesis and high 02 inhibition of photosynthesis that occurs 

in E. canadensis under low CO2 concentrations (Figures 3.4 and 3.5), 

high pH (Figures 3.6 and 3.1) and high 02 tensions (Figures 3.1, 

3.2 and 3.3) indicate that the plant's photosynthesis may be 
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severely limited under similar field conditions. Such adverse 

conditions do develop in the water surrounding aquatic plants, 

especially in calm weather conditions as a result of their 

photosynthesis (e.g. Brown ~ al., 1914; Sculthorpe, 1961; Van et al., 

1916). It is also interesting to note that similar conditions to 

those described here have been implicated in retarded growth of 

E. oanadensis by Dale (1951). 

As a result of photosynthesis, a rise in 02 and pH occurs simultaneously 

with a reduction in CO2 , and these ohanges often exceed the experimental 

limits investigated. Therefore the laboratory results probably 

underestimate the degree of limitation of photosynthesis which 

E. oanadensis will experience under field conditions where all the 

deleterious factors operate in unison, in some cases to severe degree, 

and their effects are enhanced by local retardation of water movement 



in dense plant stands. It is of interest that a similar suppression 

of photosynthesis and enhanced photorespiration with increased 02 

tensions and reduced CO2 availability has been proposed as an 

explanation for the afternoon depression of photosynthesis which is 

observed in ma~ macrophYtes (Hough, 1974). The data in Section 3 

are consistent with this proposal and suggest that a sustained 

depression of photosynthesis, similar to that observed on warm, 

bright afternoons could drastioally reduce the photosynthetio 
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performance and possibly help explain marked reductions in E. oanadensis 

biomass under still water conditions. 

A decline in macrophyte biomass in nutrient rich waters is often 

associated with increased populations of epiphytic and filamentous 

algae. One theor,y to explain the demise of the macrophytic popUlation 
. 

has been put forward by Phillips ~ al. (1978). They suggest that in 

nutrient limited conditions, rooted aquatic plants are at an advantage 

because they can obtain nutrients from the sediment (e.g. Bristow and 

Whitcombe, 1911; Toetz, 1914). However, this advantage is lost as the 

nutrient supply in the water increases, thereby allowing algal growth 

to occur with subsequent shading of vascular macrophytes to below 

light compensation. As a consequence vascular plant growth declines, 

even to the extent of being totally replaced by the filamentous algae. 

The present study suggests another contributing factor, at least in 

the decline of ~. canadensis when in competition with filamentous 

algae, may be the relatively poor photosynthetic performance of this 

vascular species as compared with its algal competitors under low 

CO2 conditions. The comparative studies on!. canadensis, Cladophora 



glomerata and Snirogyra sp. indicate that the photosynthesis of 

~. canadensis is most severely limited by low CO
2 

conditions 

(Figure 7.2) and hieh pH (Figure 7.3). The filamentous algae may 

themselves increase the pH of the water and reduce the CO
2 

content 

to such an extent that E. canadensis is placed under severe 

photosynthetic stress whilst the algae are little affected. Such 

a situation could lead to macrophytes being outcompeted under field 

conditions with sUbsequent decline and even replacement by the 

better-adapted algae. 

The physiologioal basis of this competitive advantage, under high 

pH and oonsequent low CO2 conditions, might be the possession of a 

CO2 concentrating mechanism in ~. glomerata and Spirosyra sp. It 

is probable that Chlorophyte algae possess a CO2-pump which increases 

the level of CO2 at the site of photosynthesis (Raven and Glidewell, 

1978). In addition some algae have an inducible carbonic enhydrase 

which operates at low levels of CO2 (e.g. Graham ~ al., 1971; Inele 

and Colman, 1975). Both these factors may help to explain the 
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generally better photosynthesis and low 02 inhibition of photosynthesis 

in ~. glomerata and Spirogyra Spa under low CO2 and high pH conditions. 

In contrast, photosynthesis of E. canadensis is low under high pH and 

low CO
2 

conditions. This may refleot its inability, or at most very 

limited ability to use HC0
3
- as a carbon source in photosynthesis, as 

indicated by its 'preference for free CO2 in photosynthesis (Figures 

3.6 and 7.3, Table 2.8) and the low ratio of photosynthesis at pH 8.5 

to that at pH 5 (Section 2). It may also be because of the lack of a 

suitable CO2 concentrating mechanism. Carbon dioxide could be 



concentrated either by carbonic anhydrase or by C -acid metabolism as 
4 

typified by terrestrial C4 plants. However, carbonic anhydrase levels 

are generally ver.y low in submersed aquatic plants, including 

.!. canadensis (Weaver and Wetzel, 1980) and high 14c fixation into 

C4-acids in macrophytes is evidently not associated with the synthetic 

or energy fixing roles of photosynthesis (Browse ~ al., 1980; see also 

Introduotion, and disoussions of Sections 3 and 7). The lacunar system 

of ~. canadensis seems too small in volume and too constricted in 

morphology to be of significant value in storing 

Thus amelioration by bicarbonate use, possession 

or transporting CO • 
2 

of a CO2-pumP or 

conoentrating mechanism and lacunar gas transport are unlikely in 

!. cana.densis. 

It is however possible that the decrease in 02 inhibition of 

photosynthesis noted in summer specimens of E. canadensis (Sections 

5 and 6) might help to reduoe the effects of low CO2, high pH and 

02 on its photosynthesis by reducing photorespiration and thereby 

improving the plant's carbon budget. This would be the case whether 

the summer reduotion in 02 inhibition of photosynthesis, and thuB 

photorespiration, is induoed by environmental triggers such as low 

CO2, increased d~length or temperature, as suggested by Bowes ~ g1. 

(1977a) or is a reflection of the relative youth of plant samples in 

the sUlIlUler as compared with ones in the winter. To clarify this, it 

would be instructive if induced aging experiments were performed on 

such samples to determine directly the effect o~ uee on photosynthesis, 

photorespiration and the proportions of photosynthetic and 

photorespirator,y enzymes. 

Bowes ~~. (1977a) interpreted the reduction in photorespiration 
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and the shift in RuBP carboxylase I PEP carboxylase ratio of 

ijydrilla verticillata as a response to elevated temperature and 

extended photoperiod. However the results are open t~ other 

interpretations since these conditions would also enhanc~ growth. 

Therefore apical sections of a given length from either high 

temperature or extended photoperiod would be younser than equivalent 

stem sections from a lower temperature or shorter photoperiod. Thus 

the chan8ing photosynthetic and photorespiratory metabolism of 

lk verticillata ~ have been a product of age-related phenomena 

rather than the result of environmental triggers affecting metabolism. 

Leaves of !. canadensis exhibit adaptation to available light in the 

field. This adaptation takes the form of reduced light compensation 
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and light saturation points in leaves of low insertion level (Table 4.1) 

and winter 1 cm and 6 cm excised leaves (Tables 5.1 and 5.2 respectively). 

In addition, reduced light saturation and compensation points are 

evident in winter leaves of low insertion when compared with leaves 

of similar position in the summer (Tables 6.1 and 6.3). Therefore 

E. can~densis apparently shows adaptation to available light in terms 

of season and depth. However, it is not clear whether depth differences 

in light coopensation and saturation points are due to adaptation of 

young leaves to the prevailing conditions at the time of leaf growth 

and expansion or result from re-adaptation by mature leaves in 

response to changing conditions in the weed bed. 

Clearly, it would be instructive if laborator,y investigations were 

performed on mature specimens of !. cana.densis to ascerta.in whether 

they were capable of re-adaptation similar to that described for 



H. verticillata (Bowes ~ al., 1977b) and Pot~moBeton polygonifolius 

and ~. obtusifolius (Spence and Chrystal, 1970). Another approach 

might be to look at young leaves of deep sideshoots i.e. leaves much 

younger than mainstream leaves but at the same depth. HoV/ever, such 

a distinction might be academic since light availability will be 

reduced with depth and ~ result from light attenuation by water, 

plant self shading, epiphyte growth, marl or silt deposition 

(Hutchinson, 1957; Sculthorpe, 1967). Such adaptations may be of 

benefit to the whole plant especially if they permit older leaves to 

reduce their respirator,y drain on younger more active leaves or even 

allow them to contribute fixed carbon to the new growth of the plant. 
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The results of various investigations indicated that the photosynthetic 

activity of old E. canadensis leaves were less than those of young 

or mature leaves (Sections 4, 5 and 6), and such differences could be 

the result of age-related phenomena, similar to those described for 

terrestrial plants. Other age-related effects on the photosynthetic 

physiology of !. canadensis can be inferred from the differenoes obnerved 

in 02 inhibition of photosynthesis with leaf position (Figures 4.2 and 

4.4), season (Figures 5.5 and 5.6) and the interaotion of season with 

leaf position (Figures 6.3 and 6.4). The likely benefits of the 

reduction in photorespiration in young leaves has already been discussed 

above. 

Besides the seasonal variation and adaptation exhibited in the light 

response of photosynthesis and 02 inhibition of photosynthesis, theore 

was also an indication of thermal adaptation in summer specimens of 

~. canadensis. This is evidenced by the increased '40 for apparent 

photosynthesis (range 10-20oC) in s~er samples (Table 5.3). Such an 



adaptation may enable the plant to take advantage of diurnal 

temperature inoreases whioh are up to 10°C in plant stands where 

water circulation is retarded by the dense plant growth. In contrast 

there was no evidenoe of a s~~er ohange in the temperature optimum 

o for photosynthesis whioh averaged 27.5 C during the annual cycle. 
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Nor was there any evidenoe of physiological dormancy in winter saoples, 

even though photosynthesis was reduoed in suoh plants oompared to 

those in the summer. Lack of dormancy ~~ enable the plant to take 

advantage of short mild spells in the winter by increasing assimilation 

and counteracting to some extent the general seasonal decline in biom~9s. 

It thus appears that E. oanadensis is oapable of modifying its 

photosynthetic and respiratory responses to the environment, 

partioularly with respect to light availability, a factor which is 

often cited as controlling plant distribution. 

The experimental results suggest that ~ •. canadensis is a plant that 

is flexible in its light requirements as indicated by adaptations of 

leaves with season and leaf insertion level. This is apparently 

supported by the range of light saturation points reported in t~e 

literature despite the fact that some authors seem to regard it as a 

species of restricted light range (e.g. Brown ~ al., 1974; Hartman 

and Brown, 1961). Its light saturation point is variable and is 

-2 -1 ( ) reported to be as low as 40 pE m s Allen, 1913 t a factor which 

apparently permitted np.t assimilation at very low spring light 

intensities (Haag and Gorham, 1911). However Brown ~~. (1974) 

consider !. canadensis to be a sun adapted species because its 

photosynthesis was not light saturated at the highest light intensity 



. . d 6 -2 . -1 ~nvest~gate, 5 W m m~n • In contrast to the adaptability shown 

by!. canadensis to light, temperature adaptations are restricted, 

and whilst this species has a high potential at high temperature, 

its realisation of this potential is limited by the rarity of 

temperatures approaching its optimum in Britain. In addition it 

seems to be poorly adapted to competition for organic carbon 

especially at high pH. Therefore E. canadensis is probably very 

successful in warm water, rich in CO2 , but outcompeted where CO2 

becomes critical. 

Thus, environmental factors such as high 02' low CO2 and high pH 

may severely limit the photosynthesis of this plant with little hope 

of physiological or morphological amelioration. The effect of such 

environmental factors when aggravated by competition with filamentous 

algae, which are relatively little affeoted, m~ be especially severe 
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on!. canadensis and could lead to its decline in nutrient rich waters. 
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