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Summary

The sediments in which macrophytes grow are generally anoxic and reducing.

Under these circumstances there is little free oxygen available for aerobic

respiration of the below-ground parts of the plant. For maximum efficiency, the

plant must provide sufficient oxygen to support aerobic respiration of the

below-ground parts of the plant. One method a wide range of species have

adopted is internal pressurisation and convective flow.

Internal pressurisation is the result of two physical processes, both of which rely

on the intervention of a porous partition between the lacunae of the plant in

which pressurisation occurs and the atmosphere surrounding the lacunae. The

porous partition must have pores which are large enough to permit diffusion

whilst preventing the bulk flow of gas out of the lacunae. Since the pores

connecting the lacunae (the site of pressurisation in macrophytes) with the

atmosphere include the stomatal aperture, it was hypothesised that the stomata

may influence the ability to pressurise. To investigate this, stomatal

conductance and effectivity (observed internal pressure expressed as a fraction

of the predicted internal pressure) were measured over the diel period in both

Typha domingensls and Phrøgmites australis under glasshouse conditions. The

mean pore diameter was predicted experimentally with a derivative of the

Poiseuille-Hagen equation and also related to effectivity. In both species there

was a high degree of correlation between the mean pore diameter and stomatal

conductance with the effectivity - when closed, the stomata restricted the bulk

flow of gas out of the lacunae, and the effectivity increased - suggesting stomatal

conductance did influence pressurisation. While the majority of the variation

in the effectivity could be attributed to changes in stomatal conductance, the

effectivity did not reach zero in either species even when the stomata were

fully open demonstrating that tissues besides the stomata are involved in

supporting pressurisation.



Once pressurisation occurs it is expressed as convective flow through the

lacunae network. The conversion of internal pressure to flow is related to the

resistance. In turn, the resistance should be related to the anatomy of the

lacunae of the conductive tissues as described by the Poiseuille-Hagen equation.

The equation predicates that resistance will be related to the radius of the

lacunae through which gas is travelling. Resistance was measured in segments

of both rhizome and leaf/stem in T. domingensis and P. australis. The

resistance was logarithmicatly related with the lacunal cross-sectional area in all

tissue types (r2 ranged from 0.754 to 0.917). The resistance of plant material was

predicted using the Poiseuille-Hagen equation. The observed and predicted

values were compared and the ratio determined. The highest ratio, signifying

the observed resistance to be higher relative to the predicted value, was found

in P. australis rhizome, whilst the smallest ratio occurred in the leaf of T.

domingensls. Reynold's number was calculated for the plant material and

showed the same trend as did the ratio of predicted/observed resistance

suggesting that the potential for turbulent flow, which acted to increase

resistance, was greatest in the rhizome of P. austrølis and lowest in T,

domingensls leaves. Of the two factors influencing the resistance in plant

material, lacunal cross-sectional area was the most important followed by flow

turbulence.

As resistance to convective flow is dependent on the lacunal anatomY, any

environmental parameter that impinges upon theplant's anatomy should alter

the capacity to convert internal pressure to flow. To investigate this field

surveys were conducted to examine T. domingensls and P. australls plants

subject to either high nutrient loading, high salinity or a range of water depths.

With the exception of plants growing under conditions of high nutrient

loading, there was no apparent influence of the environment on the anatomy

of the lacunae (eg, lacunal cross-sectional area, number of lacunae). High

nutrients led to an increase in the dimensions of the lacunae in both species.



Due to high levels of variability, there was no apparent influence of the

environment on the resistance to convective flow.

A field survey was conducted to investigate the influence of the supply rate of

oxygen on rhizome length. Since the supply rate of oxygen by diffusion is

dependent upon the cross-sectional area of the lacunae, the survey included

emergent macrophytes with a range of lacunal sizes. The species examined

were T. domingensis, P. øustralis, Schoenoplectus pungens, Bolboschoenus

caldwellii, Eleocharis acuta, Bøumeø articulnta, B. arthrophylla and B. junceø.

As the resistance of a blind rhizome (eg, a rhizome which has yet to develop a

terminal shoot) is too high to allow convective flow, diffusion must transport

oxygen through the rhizome. It was hypothesised that the length of the mature

rhizome (eg, once it produces a terminal shoot) should be directly related to the

degree of oxygen transport by diffusion. Oxygen supply was predicted using

Fick's Law. Across species there was a positive linear relationship between the

rate of oxygen supply and both the length (12=0.7\2) or biomass of the rhizome

(12=0.825). The results suggest that the oxygen supply is the primary

determinant of rhizome length and hence the primary limitation to rhizome

growth.

As convective flow can augment the supply of oxygen to the below-ground

parts, it was hypothesised that convective flow may influence the fecundity of

the roots and rhizomes of plants. This was examined in a series of pond

experiments using T. domingensis and P. australis. The first pond experiment

examined the influence of convection on rhizome length in both species over a

water depth gradient of between 0 and 65 cm depth. The leaves of one half of

the plants were pierced with an hypodermic needle to curtail pressurisation

and convective flow. The remaining plants were allowed to developed

significant internal pressures and levels of convective flow. The influence of

leaf piercing was significant at all depths; in intact T. domingensis t}ire rhizome

length was between 24 and 43"/" longer compared to pierced plants, whilst in P.



øustrnlis the rhizome length of intact plants was 46"/" longer compared with the

pierced plants. The results suggest that convective flow had a significant

influence on the ability for rhizome extension in both species by decreasing the

diffusive pathlength of oxygen. The anatomy of the plants was also examined

and showed that T. domingensis adapted to increasing water depth by

increasing lacunal cross-sectional areas so as to improve the transport of oxygen

whether by diffusion or by convective flow. There was no anatomical

differences between the pierced an intact plants suggesting plants were not

responding to oxygen supply per se. No anatomical adaptation was observed in

P. australis in response to water depth.

A second pond experiment was conducted to examine the influence of

convective flow on the morphology and fecundity of roots of T. domingensis

plants grown over a range of sediment redox potentials between 'J,4.61, and

-252.9 mV. Plants adaptäd to the sediment redox potential by promoting the

aeration of the below-ground parts of the plants by both diffusion and

convective flow - this occurred to the greatest degree in plants growing in the

most heavily reducing sediment. Again, there were no differences in the

response of pierced and intact plants. The response was, in some respects (eg,

biomass allocation, total biomass, number of rhizome per shoot, number of

shoots per ramet), equivocal, suggesting the plants may have responded to

physical qualities of the sediment other than redox potential. Nevertheless, at

each sediment redox potential intact plants were able to develop longer roots,

and root systems of greater surface area compared with pierced plants.

Convective flow has been shown to improve the rate of radial oxygen loss from

the roots to the sediment. As the availability of many nutrients is affected by

the oxygen status of the sediment, it was hypothesised that convective flow

may alter the capacity of plants for nutrient acquisition. Nutrient analysis was

conducted on intact and pierced T. domingensls pond-grown plants. There

were no differences in the nutrient content of the different types of tissue



suggesting that the increased aeration of the sediment by convective flow does

not improve the uptake of nutrients, at least in plants which are grown under

relatively fertile conditions.

To provide an ecological context to the pond experiments, a field survey was

conducted to examine the morphology, anatomy and rhizome length of P,

øustralis and T. domingensls over an instantaneously measured water depth

gradient in a wetland which has a variable water regime. Plants from the field

contrasted pond grown plants in a number of ways, especially in T,

domingensls. For example, while pond grown T. domingensls responded to

increasing water depth by improving the capacity for aeration of the below-

ground parts, field grown plants responded negatively thereby decreasing the

potential for the supply of oxygen. P. øustrøIis did not evince any significant

responses to water depth when grown in ponds or in the field. Flowever,

morphological characteristics of pond grown plants would have allowed for a

higher degree of aeration compared with field grown plants. The comparison of

the pond and field plants suggests both species are eminently more suited to

static water regime where adaptations by the plant can be made effectively to

help with the problem of oxygen transport. The results also suggest that plants

experience a variable and static water regime differently.



Chapter 1. General introduction

L.1, Introduction

Wetlands are commonly defined as areas of "seasonally, intermittently or

petmanently waterlogged soils or inundated lands whether fresh or saline"

(Brown, 1979). This definition highlights the variability in the pattern of

inundation which can vary enormously in frequency, regularity, depth and

duration. Indeed, ecological definitions suggest wetlands are areas where

sediment waterlogging is of sufficient frequency to affect the biota (Paijmans,

1985). A corollary of this is the recognition that wetland plants have adapted to

flooding.

Waterlogging causes a host of physical changes to sediment (Ponnamperuma,

1984). The most significant, in terms of the constraint it imposes on aquatic

macrophytes, is anoxia. This is a result of the particularly high diffusive

resistance of water to oxygen, the low capacitance of water for oxygen compared

with that of air, and the rapid depletion of oxygen through microbial activity.

Anoxia poses a dual threat to plant life. Firstly, anoxia can force a cessation of

aerobic respiration in the below-ground parts of plants. This, considering that

many aquatic macrophytes utilise rhizomes as a method of vegetative

reproduction and as a depository for carbohydrates, can have significant

consequences. Even after floodwaters recede, and the connection between plant

tissue and the atmosphere is regained, post-anoxic injury, through the action of

oxidative radicals, can be almost as detrimental as anoxia to plant tissue

(Hendry and Brocklebank, 1985; Crawford, 1989). Secondly, ion speciation in

waterlogged sediments can, through reductive processes, produce a range of

soluble phytotoxins (eg, sulphides, reduced,iron) which act to disrupt normal

cell metabolism, nutrient uptake and cell membrane integrity (Ernst, 1990;

Armstrong et al., 1994). Strategies which aim at overcoming the problems



associated with sediment anoxia must therefore facilitate the normal workings

of aerobic respiration and protect the root-sediment interface from sediment-

borne phytotoxins.

Given the variation in wetland systems, flooding regimes and plant life, and

the stresses that result from flooding, it is not surprising to discover plants

have evolved a number of different (though not necessarily exclusive)

strategies to cope with anaerobic sediments. Broadly speaking, there are two

strategies for coping with anoxia; plants may reduce the demand for oxygen by

a) reducing the percentage of respiring tissue per unit volume (as happens

when aerenchyma forms - Justin and Armstrong, L987), b) by strict metabolic

adjustment thereby tolerating some degree of anaerobic respiration and its

associated build-up of metabolites such as ethanol or lactate (McManmon and

Crawford, I97'J,; Barclay and Crawford, 1982; Monk and BrändIe, 1982; Monk ef

al., 1984; Yamasaki , L987; Smits et aL, 1990; Armstrong et al., 1994; JoIy, 1994), or

c) by reducing the potential loss of oxygen from the roots to the sediment by

decreasing root surface area or wall permeability so as to sequester more of the

available oxygen for use by the plant (Laan et n1.,1989; Koncalovâ, L990; Smits eú

al., t990; Moog and Janiesch, L990).

The other major strategy to cope with anoxia is in promoting the transport of

oxygen to the below-ground parts. This may be passive as in the development

of supra-sediment roots (also called adventitious roots), or an increase in the

aerenchyma (Armstrong, 1972; Justin and Armstrong, 1987; Crawford, 1,989;

Moog and |aniesch, 1990) possibly through the action of the phytohormone

ethylene (Kawase, 1981). Alternatively, the response may be active as in the case

of internal pressurisation and convective flow.



1,.2 lnternøl pressurisation

Since the rediscovery of pressurisation by Dacey (1980)(early accounts of

convective flow appeared as early as 1841 - see Große et aI. (1996) for an

historical account), the basis for pressurisation has been intensively studied and

is now relatively well understood. Pressurisation is a purely physical

phenomenon resulting from two inter-related, gradient-driven processes:

thermal transpiration and hygrometric pressurisation (Dacey, 1981; Große et al.,

199L; Armstrong and Armstrong, 1994; Bendix et nl., 1994; Armstrong et al.,

L996a; Armstrong et aL, 1,996b). Thermal transpiration (grossly synonymous

with thermo-osmosis, thermal effusion, thermal diffusion and thermal

permeation) is the term describing the net movement of molecules from a

region of low temperature to a region of high temperature across a porous

partition where the rate of movement is proportional to the temperature

gradient (Reynolds, 1',879; Denbigh and Raumann, 1951; Grew and lbbs, L952;

Mason and Evans, 1969). Hygrometric pressurisation is a concentration-driven

movement of molecules from a region of low humidity (eg, the atmosphere

surrounding a plant) to a region of high humidity (eg, lacunae) over a porous

partition. As the water vapour pressure of the gas within the lacunae increases,

the water molecules deereases the concentration of other gas molecules in accordance

with Dalton's Law. This causes gas molecules such as nitrogen and

oxygen to diffuse into the lacunae from the surrounding atmosphere according

to their individual concentration gradients, despite having to move against a

gradient in total pressure. Flence, there will be a net flux of gas molecules from

the surrounding atmosphere into the lacunae where the water vapour pressure

is likely to be at saturation. As saturating water vapour pressure is temperature-

dependent, the degree of hygrometric pressurisation will depend upon the leaf

temperature. Thus, in emergent macrophytes both processes of pressurisation

tend to work in concert as the gas within the lacunae will be both warmer and

more humid relative to the gas surrounding the leaf (Brix et ø1., 1994; Sorrell ¿f

ø1., 1994; Bendix et ø1., 1,994). Both mechanisms are dynamic so pressurisation



will persist as long as either the temperature or humidity gradients are

maintained.

Pressurisation depends upon the presence of a porous partition between

the lacunae where pressurisation takes place and the surrounding atmosphere

(Dacey, 1987). The porous partition must conform to the so-called Knudsen

regime in having pore diameters of <0.1 pm which, being small compared to

the mean free pathlength of gas molecules, will allow molecular diffusion to

occur, but at the same time prevent the bulk flow (Poiseuille-Hagen flow) of gas

out of the lacunae. Since pressurisation is a purely physical phenomenon,

equations can be used to make predictions as to the degree of internal

pressurisation (Dacey, 1980). As such equations assume an ideal porous

partition, these equations can be used to gauge the performance or effectivity of

the biological system. The effectivity, which is the observed internal pressure as

a fraction of the predicted pressure, has been estimated in a number of species

and ranges from 0.6 in Cnnna sp. to 30.7% in Eleochøris sphaceløtø (Brix et aL,

1992).It was suggested that the low effectivity was the result of a less than ideal

or 'leaky' porous partition since large pores will permit some bulk flow out of

the leaf reducing the internal pressure. This is a dynamic arrangement leading

to a fractional but static decrease in the effectivity.

Attempts have been made to localise the porous partition because of its link

with the capacity for pressurisation. It is thought to reside in the single layer of

cells between the palisade and spongy parenchyma in Nuphea species (Schröder

et ø1., 1986), to the mesophyll parenchyma in Typhø species (Tornbjerg et ø1.,

1994), and to the cambial layer and/ or the phyllogen of the lenticels in the tree

Alnus glutinosa (Buchel and Große, 1990). The localisation, however, has not

been demonstrated experimentally, the only evidence being provided by

microscopy. Measurements show that pore diameters range from 0.5 to 2.0 pm

in these genera. This is larger than could theoretically sustain pressurisation

but estimates of pore size of the porous partition assume negligible pathlength.



The gas pathlength in both species has been observed as being quite long; in T.

Iatifolia, for example, pathlength was found to vary from 0.23 to 0.55 pm long

(Ingenhoff, 1992). Pathlength and tortuosity have the affect of reducing the

effective pore diameter. By restricting the passage of gas molecules through the

pore space, pathlength and tortuosity prohibit the bulk flow of gas out of the

lacunae (Mason and Evans, 1969). It is probable that the long pathlength in

these plants greatly aids the facility of a porous partition. This assertion is

supported by the findings of Dacey (1987\ who experimentally measured the

pore diameter of the porous partition in a species of Nelumbo using a

differential gas diffusion technique. The results suggested the effective pore

diameters ranged between 0.015 and 0.03 p.m - values considerably smaller than

those observed using microscopy. Moreover, as the pathlength includes the

stomata, it has been suggested by some that through cycles of opening and

closing, stomata may alter the mean pore diameter and therefore the ability to

pressurise (Armstrong and Armstrong, 1991,; Bñx et øL, L992).

1,.3 Conaectiae flow

Convective flow can be defined as the bulk flow of gas, basically atmospheric in

composition, which travels down a total pressure gradient via the continuous

aerenchyma channels of a plant from the above-grounds organs into and

through the below-ground organs. It has been demonstrated in a range of

emergent and semi-emergent species including N. luteum (Dacey, 198L), N.

nuciferø (Mevi-Schütz and Große, L988), Nymphøea nlba,N. capensis,Victoriø

ømazonica (Große et al., 1991), P. nustrølls (Armstrong and Armstrong, 1988;

1991; Brix et al., 1992), Nymphoides peltata (Große and Mevi-Schütz, 1987),

Typhø spp. (Tornbjerg et al., L994; Bendix et ø1., 1994), E. sphøceløtø,luncus

ingens,Baumea articulata,Cyperus inaolucratøs (Brix et aI., 1992) and the tree

Alnus glutinosa (Große and Schröder, 1984; 1985; Große et ø1., 1992).In species

where high levels of convection have been observed there is an associated well-

developed, continuous aerenchyma and a relatively low impedance to bulk



flow (Brix et ø1.,1992). By contrast, those species that have relatively high levels

of internal resistance will lack significant rates of convective flow. This is the

case in Schoenoplectus aalidus,Ludwigiø peploides and Arundo donax (Brix eú

al., 1992), deep-water rice (Beckett et ø1., 1988) and a number of tree species

including Aoicenna mørina (Scholander et ø1., L955), Acer pseudoplatanus and

IIex øquifolium (Große et al., 1992). Moreover, some species of fully submergent

macrophytes have been observed as pressurising (eg, Spørtina alterniflorø -

Hwang and Morris, 1991), but due to the lack of gaseous connection with the

atmosphere, there is no flowthrough of gas.

In emergent and semi-emergent macrophytes, convection passes down

younger, more intact leaves or stems (influx organs), through the rhizome and

is vented through older, less intact leaves or stems (efflux organs)(Daclf r 1980;

Dacey and Klug, 1982b; Große and Mevi-Schütz, 1987;Brix,1989; Armstrong and

Armstrong, 1991,; Tornbjerg et ø1., 1994). The division of labour between influx

and efflux organs, which can be correlated with organ age, is based on the

effectivity and resistance to gas flow. The reduced effectivity results in a lower

internal pressure in older leaves relative to younger leaves. Convection,

therefore, travels from young to old leaves along the gradient in total pressure.

This is aided by reduced levels of resistance in older leaves allowing the

convected gas to take the path of least resistance from young to old leaves via

the rhizome (Tornbjerg et nI., 1994). There are two exceptions to this system: the

first is the lotus N. nuciferø which has both influx and efflux conduits within

the same petiole. Each petiole is equipped with up to four separate lacuna

which service different quadrants of the leaf blade. Each conduit can be either

influx or efflux with the convected gas travelling down into the rhizome first

(Mevi-Schütz and Große, 1988). The second exception is Typhø where

convective flow does not necessarily travel through the rhizome before being

vented to the atmosphere since each leaf of a shoot acts independently as an

organ of pressurisation (Tornbjerg et al., 1994). Thus, convection may take the



pathway of least resistance, travelling down a young leaf then back up an older,

less resistant leaf of the same shoot without recourse to the rhizome.

Relative to diffusion, convective flow provides an efficient mechanism for

gaseous transport (Dacey and Klug, L982a; Brix, L988; Armstrong and

Armstrong, 1990). For instance, with convective flow the oxygen concentration

within the rhizome remains high (ca 14.2%) but can drop to ca 9.6% when

convection ceases (Brix, 1988). Convection also reduces the build-up of

respiratory COz, the concentration of which may exceed atmospheric when

convection is not occurring (Brix, 1988; Constable et ø1., 1992). Further, the

flowthrough of gas represents a significant avenue for the release of methane

from the sediment (Chanton et al., 1993; Sorrell and Boon, 1994; Chanton and

Whiting, 1996; Whiting and Chanton, 1996) accounting for between 50 and 95%

of the total flux from a range of wetlands (Sorrell and Boon, 1994).

From the perspective of the plant, the most important function of convection is

to augment the supply of oxygen to the below-ground parts (Dacey and Klug,

1982a; Brix, L988; Armstrong and Armstrong, 1990). The efficiency with which

throughflow convection does this can be demonstrated by a comparison of

convective flow with diffusion driven aeration. In P. austrøIls, convection can

supply up to 300 g 02 d-l --2 (assuming a culm density of L00 rrr-2), whereas

diffusion can supply at most 12 g 02 d-1 m-2 (Armstrong and Armstrong, 1990).

However, not all of the 300 B Oz d-l m-2 will be utilised by the plant. Gas

analysis has been performed on the gas being vented through the efflux stems

or leaves of a number of different species; between ca 20 and 25"/. of the oxygen

is removed from the convective stream (ie, 60 - 75 g 02 d-t m-2) (Dacey and

Klug, 1982b; Sorrell et ø1., 1994; Brix et al., 1996). This value, being in excess of

what would be supplied by diffusion alone, suggests the oxygen budget of the

plant relies upon convective flow.



Mathematical models (eg, Sorrell, 1994; Sorrell et al., 1994; Armstrong et ø1,,

1,996e) suggest the enhanced aeration resulting from convection would

influence root extension. Convective flow does not directly supply oxygen to

the roots as the resistance to flow is too high (Armstrong, L979; Armstrong ef

ø1.,1994). Diffusion, therefore, mediates the transport of oxygen from the base to

the tip of the root. By supporting high concentrations of oxygen at the root base

(ca 1,4 - 21% - Dacey and Klug, I982a; Brix, l-988; Armstrong and Armstrong,

L990) convective flow would permit roots to grow to greater lengths before

being constrained by anoxia compared with a system relying upon diffusion

alone (Sorrell, 1994; Sorrell et ø1.,1994). The advantage of this is that roots could

more deeply penetrate the sediment profile and exploit more of the available

nutrients. Presumably, the same applies to rhizome extension where

convection could support greater rhizome lengths by increasing the

concentration of oxygen at the rhizome base. As many species of emergent

macrophyte depend upon rhizomatous growth for reproduction, convection

could enhance the ability for vegetative spread and colonisation.

Convective flow may also exert an influence on sediment processes through

radial oxygen loss. The significance of radial oxygen loss may be exemplified by

the observations of Sorrell et aL (1994) who showed that while the oxygen

budget of E, sphacelata plants could sustain root lengths of greater than 70 cm,

root lengths in the field were generally less than 30 cm. It was suggested there

was a trade-off between root length and the potential for radial oxygen loss to

the sediment with the plant opting to allocate a greater proportion of the

available oxygen to radial oxygen loss and a smaller amount to supporting root

extension. While the process of radial oxygen loss is not restricted to those

species which are able to pressurise (see Armstrong, L964; Armstrong and

Boatman, 1967; Delaune et ø1., 1990; Sorrell et øL, 1993), there is evidence to

suggest that convection can greatly enhance the rate of radial oxygen loss from

the roots to the sediment (Armstrong and Beckett, L987; Armstrong and

Armstrong, 1990; Sorrell et ø1., 1,993). Radial oxygen loss may reduce the



availability of nutrients which, in reduced form, may be phytotoxic (eg, iron),

through decreasing solubility, precipitation or binding (Lynn and Bonattí,1965;

Tessenow and Baynes, 1975; ]aynes and Carpenter, 1986; Christensen, 1997;

Christensen et ø1., 1997) thereby providing the plant with greater protection

from sediment-borne phytotoxins. On the other hand, it would promote

aerobic nutrient cycling at the root-sediment interface (Reddy et ø1., 1989; Laan

et al., L989; Jaynes and Carpenter, 1986; Moorhead and Reddy, L990) increasing

the availability of certain nutrients such as nitrogen, which has been considered

as the nutrient most limiting to macrophytic growth (Grace, 1988; Clevering,

1998). Convective flow, through augmenting the rate of radial oxygen loss, may

therefore influence nutrient availability.

One factor which would limit the ecological benefit of convection is the

resistance to convective flow. The extreme case is a plant with internal

resistances so high as to preclude convection (eg, S. uøIidus, L. peploides and A.

donøx - Brix et al., 1992).In contrast, species which have low resistances to flow

will enjoy high levels of, aeration ("9,P. australis,T. domingensls - Brix et aI.,

1992) and all the benefits that that incurs. Estimates of the internal resistance

have been made in a number of species (Dacey, 1.98L; Armstrong and

Armstrong, 1990; Brix et al., 1992; Sorrell and Boon, 1994; Tornbjerg et ø1., 1994;

Bendix et nl., 1994; Kohl et aL, 1996; Armstrong et øL, 1998). Such observations

serve to highlight the variation of internal resistance both between and within

different species (see Brix et a1.,1992; Bendix et ø1.,1994) though no studies have

been conducted to identify those factors which influence the resistance.

Flowever, as internal resistance is related to the morphology of the lacunae

(Vogel, L981), any environmental factor which impinges the gross morphology

of a plant (eg, water depth, salinity, nutrient loading) should have an impact on

the capacity for the conversion of pressure to flow and thus the degree of

benefit arising from convective flow.



Study objectives

The study of pressurisation and convective flow involves both biophysical and

ecological approaches. This is reflected in the objectives of this study.

Broadly, the objectives of the study were:

L) Investigate the notion of the porous partition; in particular, to examine the

role of stomata in pressurisation,

2) Quantify the resistance to convective flow in the various tissues conductive

to flow, and to gauge the affect of environmental parameters on the resistance,

and

3) Examine the influence of convective flow on a) the fecundity of the below-

ground parts of the plant, and b) the nutrient content of plants.

Study Rationale

It is becoming increasing evident that pressurisation and convective flow is a

common adaptation by plants from a disparate range of families to cope with

the anoxic and reducing qualities of aquatic sediments (Brix et ø1., 1992; Große,

1996). And, as more species of emergent macrophytes are examined, the list of

species capable of pressurising is only likely to grow. The importance of this

adaptation, therefore, cannot be underestimated, and a thorough investigation

of the process and of its ecological benefits is warranted.

It is perhaps no coincidence that those species which have demonstrated a

strong ability for convective flow are selected for use in constructed wetlands.

The facility of species such as T. domingensls and P. australis in constructed

wetlands is no doubt linked with the process of convective flow and its affects



on the sediment. Thus, an understanding of those factors which influence the

conversion of pressure to flow may become important when manipulation of a

constructed wetland system is desirable. By altering environmental parameters

for the plants benefit, the system may be made more efficient, or designed

specifically f.or a particular treatment goal, or modified so as to reduce the efflux

of environmental gases such as methane.

There are also implications of this study for the decline and disappearance of

reed communities (P. austrølls) occurring throughout certain parts of Europe

where eutrophication and altered water regimes have resulted from long-term

mismanagement of wetland systems (for a review of the EUREED project see

van der Putten, 1997).Initial evidence suggests that a contributing factor to the

decline is the cessation of convective flow (Armstrong et al., 1996d; Kohl et al.,

L996) thereby abrogating any benefit the process may accrue. Identifying the

benefits of convective flow was considered important as it may help explain the

decline of this species.

Species selection

The species chosen for this study were Typhø domingensis Pers. and

Phragmites australis (Cav.)ex Steud. Both species are cosmopolitan in

distribution, are capable of pressurisation and significant rates of convective

flow, and have been intensively studied over the past few years (Armstrong

and Armstrong, 199'J.; Armstrong et ø1., L992; Brix et al., 1992; Búx et ø1., \996;

Kohl et ø1., 1996). Further, the two species have distinct morphologies and

growth habits. For instance, T. domingensls has a graminoid morphology

where leaves originate from a basal meristem with leaves being recruited

progressively over the season (Aston, 1973; Roberts, 1987). On the other hand, P.

øustrølis develops culms (elongated stems with leaves at regular intervals

along the stem) which, once developed at the beginning of the growing season,

do not morphologically change and therefore cannot adapt to changes in the



environment. There are also anatomical differences in the lacunal systems; in

T. domingensis the leaves have numerous small lacunae which do not

laterally communicate until reaching the base of the shoot. In P. austrølis there

is a single large lacuna that is continuous except for the nodal septa which occur

at regular intervals along the length of the stem and rhizome (Armstrong and

Armstrong, L988). The gross morphology of the two species also results in

differences in the pathway of convective flow; in T. domingensis flow

originates within young leaves and may be vented to the atmosphere via the

rhizome or via old leaves of the same shoot (Tornbjerg et ø1., 1994), whereas in

P. austrøIis, which often has just one above-ground organ (eg, a single

culm)(Fiala, L976), convective flow must travel through the rhizome to be

vented through old culms. Given the differences between these two species, a

comparison of the species may provide an insight into experimental findings.



1?

Chapter 2. Effectivity of pressurisation and stomatal conductance in Typhø

domingensls and Phrøgmites øustrølis

2.L Introduction

As internal pressurisation is a purely physical process, it can be predicted using

standard equations which account for both the thermal and hygrometric

components of pressurisation (Dacey, 1981). The resultant value can be

compared with the observed internal pressure where the ratio of the two,

expressed as a percentage, is termed the effectivity. Attempts have been made to

quantify the effectivity as it is an index of the efficiency with which a plant is

able to pressurise. Estimates of effectivity are variable, ranging from 0.6% in

Cønna sp. to 30.7% inEleocharis sphaceløta (Btix et øL, 1992). The typically low

effectivities found in many plants has been explained on the basis of a 'leaky'

porous partition. Under ideal circumstances pressurisation depends upon a

porous partition with a mean pore diameter of <0.1, pm (the so-called Knudsen

regime). Such small pores allow molecular diffusion whilst preventing bulk

flow. If porous partitions have larger than ideal pore diameters, bulk flow can

occur which acts to dissipate the internal pressure to the atmosphere (Takaishi

and Sensui,1963). The effectivity drops accordingly.

Brix et al. (1992) quantified effectivity in two species of aquatic macrophyte over

the diel period showing it varied between ca 8 and20"/" inT. domingensis, and

cø 4 and 1,3% in luncus ingens. They suggested, as have others (Armstrong and

Armstrong, 199L; B. Sorrell, personal communication; Steinberg, \996), that

plant-mediated factors such as stomata could affect the ability to pressurise.

Given that stomata regulate the movement of gases between the leaf and

atmosphere, this would seem the most likely cause. Moreover, the pattern of

change in the effectivity over the diel period was similar to the pattern in

stomatal conductance expected of plants growing in the south-east of Australia

(see Roberts, 1987; Morris, 1998). Since the gaseous connection between the



lacunae and atmosphere includes the stomatal aperture, it is possible the

stomata influence the mean pore diameter, and in so doing influence the

effectivity. Flence, when the stomata are open the effectivity should drop

relative to when the stomata are closed. To investigate this the effectivity was

correlated with stomatal conductances over a diel period in T. domingensls and

P. austrølls. The mean diameter of the pores connecting the lacunae with the

atmosphere was also quantified to correlate with the effectivity.

2.2Theory

2.2.1, Estimøting effectiaity

Under static flow conditions, and assuming an ideal porous partition, the

following equation can be used to predict the internal pressure (Dacey, 1987):

N = PuQ, / T )o's + (WVP t -WVP o)
(2.1)

where AP - pressure drop over the porous partition (Pa)

P b = butometric pressure (Pa)

T I ,T o= absolute temperature of the leaf and ambient gas ('K)

WPt ,WVP a= water vapour pressure of the leaf and ambient gas (Pa)

For the sake of simplicity, it can be assumed that the relative humidity of the

internal atmosphere is saturating despite some evidence to the contrary (Ward

and Bunce, 1986). The effectivity is the observed internal pressure as a fraction

of the predicted internal pressure.



2.2.2 Estimøting tnean pore diameter

The following is a capillary model derived from the Poiseuille-Hagen equation.

It has been modified to account for variation in gas density and fractional

porosity of the porous partition (Dedes and Woermann/ 1996).

(2.2)

where /= mass flow density (S s-l m-2)

4= partition fractional porosity (dimensionless)

/ = mean pore radius (m)

ÅP - pressure drop over the potous partition (Pa)

0 = tortuosity factor (dimensionless)

p - gas viscosity (Pa s)

L = thickness of the porous partition (m)

R = universal gas constant (J mol-t "1ç-t¡

T= absolute temperature of the gas ("K)

M= molar mass of gas (g mol-1)

P b = burometric pressure (Pa)

Equation 2.2 can be reorganised to solve for the mean pore radius. In addition, a

term can be introduced to account for the number of pores through which gas is

travelling.

d = 2x
U/n)(sepL)$r/MPb)

(2.3)

0LP

where d= mean pore diameter (m)

n= total number of pores through which gas is travelling



Because the pore diameter is estimated from the relationship between internal

pressure and mass density flow, the equation will only work where the pore

diameter is large enough to permit bulk flow, or at least flow transitional

between molecular diffusion and bulk flow (for a description of the differences

between molecular diffusion and transitional type flow see Wang, 1960).

2.3 Materials and methods

2.3.L Testing the capillary model

Isopolycarbonate membranes (diameter 28 mm, thickness 9 - L1. pm; Millipore)

with known pore diameters were used to check the facility of Equation 2.3

before it was applied to plants. The membranes had pore diameters o1 0.1.,0.6,

1.2 and 3.0 pm, respectively. Individual membranes were mounted between

two gas-tight circular brackets. One of the brackets was connected with plastic,

non-expandable tubing (internal diameter 2L mm) to a peristaltic pump (range

0 - 10 mL min-1). The pressure differential driven by u peristaltic pump was

measured using a pressure meter (range 0 - 2000 Pa; Modus) connected to an

hypodermic needle (22 G). The needle was inserted into the bracket through a

small hole so that the needle tip was a few millimetres from the membrane

surface on the side of the pressure head. The gas flow through the membrane

was measured when the pressure was at equilibrium. This was done with a

flow meter (range 0 - 12 mL min-l; Sierra) which measured the flow rate of gas

between the peristaltic pump and the membrane. Once the gas had passed

through the membrane, it travelled via a short length of tubing to be vented to

the atmosphere. The whole apparatus was submerged during each trial to

prevent gas leakage. Prior to taking measurements on the membranes, the

resistance of the apparatus was measured. This was done to ensure the

measurements of internal pressure and flow rate would be dependent on the

physical structure of the membranes and not the apparatus itself. During these



trials no significant pressure differential was detected (eg, below the sensitivity

of the pressure meter). The pressure-flow relationship was determined for five

membranes of each pore diameter size. Subsequently, the membrane thickness,

pore density and mean pore size of each membrane was measured using

scanning electron microscopy. The fractional porosity of the membranes was

estimated from measurements of pore size and pore density. In calculating the

mean pore diameter a tortuosity factor of two was used (Dedes and Woermann,

Lee6).

2.3.2 Plant material

Pond grown shoots of T. domingensls and P. austrølis were harvested and

brought into a glasshouse where all experimental work was conducted. T.

domingensls plants consisted of single shoots with between six and nine leaves,

whilst P. austrølis consisted of a single culm with between six and eight leaves.

To prevent convective flow within T. domingensis shoots, all the leaves except

leaf number three (leaf number one being the youngest) were removed and the

cut ends of the leaves sealed with water-resistant silicone gel. Leaf number

three was used since it is the youngest leaf (and therefore the most intact) with

fully expanded lacunae (Tornbjerg et n1.,1994). To prevent convection within P.

øustralis material, the cut end of the rhizome was sealed with silicone gel. The

plants were then submerged in water leaving only a L m length of the

remaining leaf/culm above the surface of the water. During the experiment

periodic checks were made of the cut ends of the rhizomes and leaves to ensure

that no convective flow was occurring (eg, no ebullition was evident).

The temperature of the gas within the lacunae of the leaf or stem was measured

with two type-T thermocouples. They were placed ca 33 and 66 cm from the leaf

tip in T. domingensis, and 33 and 66 cm from the distal node inP. australis.In

P. øustrølis this was only approximate since there is a continuum in the lacunae

between the stem and the leaf sheath (Armstrong and Armstrong, 1991). Any



damage to the integrity of the porous partition of the leaf sheath, such as occurs

upon the insertion of a thermocouple, would result in a dissipation of the

internal pressure from the inner side of the leaf sheath to the atmosphere. To

obviate this problem, thermocouples were inserted into the small region of the

stem exposed just proximal of each node where the leaf sheath could be pulled

back slightly without damage. To position the thermocouples, an hypodermic

needle was used to pierce the leaf/stem. The thermocouple was inserted into

the lacunae and sealed in place with silicone gel. The ambient temperature was

measured with two additional thermocouples suspended approximately 2 cm

from the leaf surface 33 and 66 cm from the leaf tip/distal node. The ambient

relative humidity was measured with a thermohygrometer (range 0 to 99.9%;

Cole-Palmer). The internal pressure of the leaf or stem was measured with a

pressure meter connected to an hypodermic needle which was inserted into the

lacunae ca 50 cm from the leaf tip/distal node and sealed in place with silicone

gel. The hypodermic through which the internal pressure was measured was

inserted prior to the thermocouples and other hypodermic needles. Thus, if the

seal around any thermocouples or hypodermic needles subsequently inserted

was leaking, it could be detected.

To measure the parameters used in the calculation of the mean pore diameter a

second needle (19 G) was inserted into the leaf lacuna ca 60 cm from the leaf

tip/distal node. The needle was connected to a peristaltic pump. The peristaltic

pump pumped air from a 5 L reservoir of gas, atmospheric in composition,

with saturating water vapour pressures so that pumping the gas into the leaf

would not desiccate the plant. The relative humidity of the gas being pumped

into the leaf was measured with a second thermohygometer to ensure the air

was saturating (or at least 99.9"/o, t}ire upper limit of the thermohygrometers

sensitivity). The rate of gas flow from the peristaltic pump into the leaf was

measured with a flow meter. Gas-tight taps were used to prevent back flow of

gas out from the leaf into the peristaltic pump during measurement of values

for the calculation of effectivity. Since the leaf was already pressurising, care



was taken to augment the internal pressure of the leaf by at least 200 Pa when

making measurements of values to be used in the calculation of mean pore

diameter. For some of the measurements on P. øustralls this was not possible

since the internal pressure was near the upper limit of the pressure meter (cø

1000 Pa). Under such circumstances the internal pressure was augmented by as

little as 68 Pa.

As the stem of P. australis is divided by nodal septa, the data for internal

pressure and flow rate had to be modified to account for the extra resistance

offered by the septa to the passage of gas from the peristaltic pump to the

atmosphere. It was assumed that after the gas entered the stem lacunae it would

on average have to travel through three'nodal septa before escaping through

the stomata. The value of resistance for a single septa is 88.4 kPa s *-4 (see

Chapter three, section 3.4.1.2). To compensate for the septa, the internal

pressure o1 P. australls was reduced by a factor o1265.3 kPa s m-4.

Stomatal conductance and irradiance (Photosynthetically Active Radiation

(PAR), 400 - 700 nm) were measured with an IRGA (Ll-6200, Li-Cor).

Measurements of stomatal conductance in T. domingensls were made on a

portion of the teaf ca 25 cm from the leaf tip. In P. øustrølls the measurements

were made not on the stem but on the leaf blade of leaf number three (leaf

number one being the youngest). For the purposes of the experiment it was

assumed that the stomata on the different regions of the plant (stem surface,

leaf blade and leaf sheath) would respond similarly to environmental

parameters (see Mansfield et øL,1990), and that the stomatal conductance of the

leaf blade would be the same as that of the leaf sheath and stem surface.

The three sets of data were not taken concurrently but in sequence;

measurements for estimating effectivity, stomatal conductance, followed by

measurements required to estimate pore diameter. All measurements were

made within three minutes. To ensure stable readings, each set of data was



logged over three consecutive intervals of 15 seconds using a Squirrel

Datalogger (1200 Series, Grant Industries). If the readings were not stable over

the three time periods, the measurements were abandoned and the leaf allowed

to re-equilibrate. After the data were collected, the leaf was allowed a 30 min

period to re-equilibrate before taking more measurements. During this time the

PAR was logged. The PAR was not logged at the same time as the other

measurements as the IRGA hand-piece had to be oriented horizontally whilst

measuring stomatal conductance. Thus, the PAR would have been

underestimated. The experiment was performed on three different leaves of

each species on different days.

Eventually arry gas molecules travelling between the lacunal spaces and the

atmosphere must travel through the stomata. The number of pores through

which gas was travelling (as expressed in Equation 2.3) was, therefore,

considered to be equal to the number of stomata despite the probability of

anastomosing connections between the sub-stomatal cavities. To estimate the

total number of stomata through which gas could move, an estimate of the

stomatal density per unit area was multiplied by the total surface area of the leaf

or stem. The surface area of the exposed portion of each T. domingensls leaf

was measured with a delta-T area meter. The surface area of P. øustralis stems

was estimated from the basal stem diameter assuming the stem had a cone

shape. The area of the leaf sheaths was estimated separately by removing them

from the stem and measuring the surface area of each with a delta-T meter. The

stomatal density of the T. domingensis leaf surface (both abaxial and adaxial),

and the various surfaces ol P, øustrølls (stem, adaxial leaf sheath and abaxial leaf

sheath) was estimated by taking clear nail polish imprints of the surface and

counting the number of stomatal apertures per unit area under a microscope.

In estimating the total number of stomata through which gas could travel in P.

øustralis, it was assumed that stomata onboth the abaxial and adaxial surface of

the leaf sheath were conductive to gas as well as the stomata on the portion of

the stem surface covered by the leaf sheath.



The partition thickness (eg, the distance between the leaf surface and the inner

surface of the lacunae) was measured from cross-sections under a dissecting

microscope. Two sets of measurements were made for P. australis; one for the

stem and one for the leaf sheath. Fractional porosity of each of the tissue types

@g,T. domingensis leal, P. øustrølls stem and leaf sheath) was determined by

pycnometry (Armstrong, 1993). A tortuosity factor of two was used in the

calculations of mean pore diameter.

2.3.3 Regression lines

Iterative models were used to calculate regression lines for some of the data as

the responses were not linear. The models can be used to describe a

symmetrical bell curve and a sigmoidal curve where the observed maximum is

below the upper limit (eg, <1,00"/") (Model III and IV, respectively; Huisman ¿ú

al., 1993).

2.4 Results

2.4.L Membrønes of known pore diameter

The observed and predicted mean pore diameters (Table 2.L) were linearly

correlated (rz=0.99; p<0.0001). The x-axis intercept (0.09) was not significantly

different from zero, and the slope (0.96) indicated a one to one relationship.

These results support the facility of Equation 2.3 and the experimental

technique.



2.4.2 Plant møterinl

2.2.4.1 Physical conditions during the experiment

During experiments the ambient temperature in the glasshouse varied from

L7.3 to 38.6 oC, and the relative humidity from 11.6 to 77.0%. The solar

irradiance varied between 41. to L803 pmol m-2 s-1. The weather during trials for

T. domingensis was clear, whereas it was intermittently cloudy during

experiments on P. austrnlls. This led to variable levels of irradiance in the case

oÍ P. austrølis.

2.2.4.2 Anatomical description of the plant møterial

Values for the plant characteristics used to calculate the mean pore diameter are

shown in Table 2.2 and Table 2.3 (7. domingensls and P. austrnlis, respectively).

The stomatal density did not vary significantly between the adaxial and abaxial

surfaces of the T. domingensls leaves (131.5 and LL9.L stomatal pores rrÍì-2,

respectively)(cf Roberts, L987); a mean value was used in calculations. The

stomatal density of the adaxial and abaxial surfaces of the P. øustralis leaf blade

were not significantly different (235.4 and 260.25 stomatal pores mm-2,

respectively), whereas the stem surface had a significantly higher stomatal

density (S1S.2 stomatal pores mm-2). Moreover, the stomatal density of the leaf

sheath was 760.4 and 380.2 stomatal pores mm-2 for the abaxial and adaxial

surfaces, respectively - significantly higher than stomatal densities measured in

T. domingensls or in the leaf blade of P. australis. Comparison with the

literature shows that the stomatal densities o1 T. domingensis are similar to

those found in other emergent and semi-emergent macrophytes (Kaul, 1976;

Hardy et ø1., 1995), and a range of terrestrial species (Meidner and Mansfield,

1968). The stomatal density of the stem surface and leaf sheath of P. øustralis



were, however, significantly higher in comparison with other species, and with

estimates made on P. øustralis by other authors (Hardy et ø1., 1995).

The fractional porosity and partition thickness of the leaf sheath of P. øustrølis

was also significantly different from that of the stem surface (Table 2.3). To

calculate a mean value of fractional porosity and partition thickness, the values

were weighted according to the proportion of surface area each occupied.

2.2.4.3 Experimentøl results

Stomatal conductance of two of the three T. domingensis leaves followed solar

irradiance; the conductance rose from a minimum of 0.32 cm s-1 to a maximum

of 'J,.78 cm s-1 around solar midday before falling to 0.42 cm s-1 as irradiance

decreased (Figure 2.1)(cf Jones, 1988; Koch and Rawlick,1993; Knapp and Yavitt,

1995). The third leaf, however, had lower conductances and opening lagged

behind irradiance; maximum conductances occurred ca L.5 h after the

irradiance peak despite similar levels in solar irradiance, temperature and

relative humidity. This type of differential response in stomatal conductance,

where some leaves do not respond significantly to irradiance, has been

observed previously in T. domingensls in the south-east of Australia (Roberts,

1e87).

The stomatal conductance of P. australis varied between 0.52 and 3.32 cm s-1 -

significantly higher than values for T. domingensis - with the lowest

conductances during the middle of the day (Figure 2.2; see Table 2.4 for

regression analyses). In contrast to T. domingensls, conductances in P. øustralis

did not follow irradiance. Instead, maximum values occurred well before solar

midday and fell progressively throughout the remainder of the day.

Effectivity ranged between 1.4 and 31,.5% in T, domingensis, and between 14.5

and39.3"/" inP. australis - values similar to those observed by Brix et ø1. (1992).



Stomatal conductance and effectivity were correlated in both species (Figure

2.3). The relationship was more rigorous in T. domingensls than P. øustrølis

despite the exclusion of data for P. australis which was taken during

intermittently cloudy conditions. A comparison of the data for P. australis -

stable versus intermittent weather conditions - is presented in Figure 2.4. The

effectivity data collected from the plant during intermittent conditions appears

to be positively correlated with stomatal conductance.

The negative correlation of stomatal conductance and effectivity suggests that

the stomata are the major point of resistance to prevent bulk flow of gas from

the lacuna(e) to the atmosphere. Flowever, the effectivity did not drop to zero

in either species (the lowest observed effectivity was 1.4 and 14.5% for T.

domingensls and P. austrøIis, respectively). Even when the model regressions

were extrapolated along the x-axis the effectivity did not reach zero. This

suggests the involvement of an additional source of resistance which is much

less than ideal in terms of its ability to support pressurisation than are closed

stomata.

Corresponding to the relationship between irradiance and stomatal

conductance, the pattern of effectivity over the diel period differed between the

two species (Figure 2.5) with the lowest values recorded during the midday

hours for T. domingensis, and the lowest values of effectivity recorded for P.

nustrølis just before solar midday. The relationship for P. austrølis was

equivocal even when the data taken during intermittently cloudy periods was

excluded.

The predicted mean pore diameter was found to range from 0.03 to 0.29 pm in

T. domingensls, and 0.08 to 0.26 ¡tm in P. austrølis (cf Dacey, 1987). In both

species pore diameter was negatively correlated with the effectivity (Figure 2.6;

Table 2.5). Again, a comparison of the data for P. øustrnlls taken under stable

and intermittently cloudy conditions is shown (Figure 2.7). There was little



difference in the data sets suggesting that effectivity and mean pore diameter

were largely unaffected by the changing weather conditions.

The relationship between the predicted mean pore diameter and the effectivity

should be similar (ie, the data for both species should have the same slope and

y-axis intercept). However, at any given value of mean pore diameter P.

australis had a consistently higher effectivity compared with T. domingensis

(Figure 2.6).In calculations of mean pore diameter a tortuosity factor of two was

assumed. The discrepancy between the regressions for the two species suggests

the tortuosity factor may be different in the two species. Thus, the tortuosity of

T. domingensis rr.ay have been underestimated, or it may be overestimated in

P. austrnlis.

When the effectivity was low the mean pore diameter was small enough to fall

within the Knudsen regime (<0.1 pm) - the smallest mean pore diameter was

0.03 pm for T. domingensis, and 0.08 pm for P. australis. Flence, pressurisation

should reach predicted levels and the effectivity should be approximately L00%.

Despite this, the highest measured effectivity was only 31..5% and 39.3/" for T.

domingensls and P. austrøIls, respectively. When extrapolated to intercept the

y-axis, the model regressions intercept at 40.8% and 67.1."/" for T. domingensis

and P, austrølis, respectively.

The stomatal conductance and predicted pore diameter were linearly related in

both species (Figure 2.8; Table 2.6). Stomatal conductance, however, should be

related to the area of the aperture and not the diameter. Under certain

circumstances diffusion from small apertures (ca <5 mm diameter; Sayre,1926)

is more closely proportional to the diameter of the aperture than to the

apertures area (Stefan's Law; Meidner and Mansfield, 1968). This law, however,

only holds for circumstances of zero wind speed, a circumstance not in effect

when making measurements of the stomatal conductance using the IRGA. It

may be that the transport of gas from the lacunae to the atmosphere, even



while being actively pumped, as is the case when making measurements used

for the calculation of mean pore diameter, could conform to this law if the

mean pore diameter is small enough.

2.5 Discussion

There has been some debate over the tissue responsible for the ability to

pressurise. In the past, microscopical studies have been used to investigate the

tissue(s) responsible for pressurisation. Schröder et al. (1986), lor instance,

dismissed any involvement of the stomata in Nuphar luteø after finding

apertures to be ca 5.6 x 2.4 pm. Instead, it was suggested that the inter-cellular

spaces in the boundary layer of cells between the palisade and spongy

parenchyma tissue composed the porous partition where the pore diameter was

significantly smaller. Indeed, measurements have been made of the

dimensions of the stomatal aperture in both genera (Table 2.7). And in both

genera the stomata are too large to be classified as conforming to the Knudsen

regime. Despite this, the effectivity was found to be correlated with stomatal

conductance and mean pore diameter in both T. domingensls and P. øustrølis

suggesting that changes in stomatal aperture affect the capacity for

pressurisation. The apparent discrepancy can be explained by the difference

between actual and functional pore size. The functional pore size is reliant on

both the length of the pore and its tortuosity - the greater either the pathlength

or the tortuosity, the more difficult it is for gas molecules to pass through the

pore (Carmen, 1956). Tortuosity and pathlength, therefore, effectively reduce

the dimensions of the pore.

That effectivity is dependent on stomatal conductance is a conclusion

supported by the indirect evidence presented by Brix et øL (1992). In the plot

correlating predicted and observed internal pressure over the diel period an

hysteresis was observed in the slope of the two parameters. The hysteresis,



indicative of a change in the effectivity, was observed in both T. domingensis

and J. ingens. Brix et al. (1992) hypothesised that stomata may have been

responsible for the hysteresis. More indirect evidence comes from the field-

based measurements made by a number of researchers examining the

relationship between the internal pressure and the volume flow rate through

the lacunae in a range of species. Given the Poiseuille-Hagen equation, the

correlation between these variables should generate a straight line, the slope of

which is pqoportional to the level of resistance encountered by the convective

flow as it travels through the lacunae. The resistance to convection, being

determined primarily by the tube radius and the tube length, should not

change. It has been observed, however, that small changes in the slope of the

correlation between internal pressure and flow rate occur (Brix et al., 1992;

Bendix et al., L994; Brix et a1.,1996).It is unlikely this is due to changes in either

the pathlength of flow or the radius of the lacunae. It has been demonstrated by

Armstrong et al. (I996a) that the efficiency with which internal pressure is

converted to convective flow (analogous to the resistance experienced by

convective flow) in a model system is dependent on the mean pore size of the

porous partition. The highest conversion rate occurs where pores have

diameters of approximately L.1, pm. It may be that the changes in the slope of

the correlation between flow rate and internal pressure reflect changes in the

mean pore diameter of the pore which comPose the porous partition.

The effectivity did not reach zero in either species even when the stomata were

fully open. This would suggest that there is some other tissue interceding the

atmosphere and the lacunae which, while not providing much resistance to

Poiseuille-Hagen flow, does contribute to the overall integrity of the porous

partition. Indeed, it is likely that all of the tissues separating the atmosphere

and the lacunae aid the process of pressurisation. Flence, while the stomatal

aperture appears to be the most conspicuous of these tissues, contributing up to

ca 30o/o to the Knudsen regime of the plant through closure, it is not solely

responsible for the ability to pressurise.



In the calculations of mean pore diameter a tortuosity factor of two was used.

This value, howeveÍ, may be in error. If the stomata are solely responsible for

the capacity for pressurisation then the tortuosity may be closer to one. If, as is

contended, pressurisation is supported by all the tissues separating the

atmosphere and the lacunae, the tortuosity may be greater than two. The

influence of tortuosity on the calculated mean pore diameter is demonstrated

in Figure 2.9 and Figure 2.t0 (7. domingensls and P. øustralis, respectively)

where the mean pore diameter was calculated with a range of tortuosity factors

and the various regression lines correlated with effectivity. Unfortunately, the

mean pore diameter and tortuosity factor cannot be estimated independently

using Equation 2.3. Moreover, as the regression lines relating mean pore

diameter and effectivity were not the same in the two species, it may be the

tortuosity factor is different for the two species. To bring the lines together, the

tortuosity factor of T. domingensls would have to be higher or lower in P.

australis. Flence, it would seem the tortuosity of the pores connecting the

atmosphere with the lacunae is higher in T. domingensls compared with P.

australis.

The failure of the porous partition to support nominal levels of pressurisation

(eg, the effectivity was <100%) is related to the ambient pressure of gas within

the system (Tompkins and Wheeler, L933; Takaishi and Sensui, 1'963; Mason

and Evans, 1969). For thermal transpiration to occur at ideal levels, the mean

free path of the gas molecules must be greater than the length of the capillary

over which the temperature gradient exists. Under these conditions the

probability of. a molecule of gas moving through the pore is determined by the

geometry of the pore and the chance the molecule will impact on the inner

surface of the pore and be reflected back out of the pore. If the density of the gas

is high, there will be a concomitant increase in the chance of molecular

collision which will effectively decrease the mean free pathlength of gas

molecules. Flence, the chance of molecular collisions will become a factòr in

determining whether or not a molecule will penetrate the pore - a factor not



incorporated into the Dacey equation. The importance of molecular collisions,

at least insofar as thermal transpiration is concerned, has been demonstrated

experimentally where pressurisation over ideal porous partitions does not

conform to expectation even when experiments are conducted at ambient

pressures of <0.5 kPa (Tompkins and WheeIer, 1933; Takaishi and Sensui,1963).

The low estimates of effectivity observed by Brix et ø1. (1992), and those

observed in this study, may, therefore, have been the result of both a less than

ideal porous partition and the high gas pressure of the system.

Some of the data for P. australls were collected during intermittently cloudy

periods. These conditions appeared to influence the stomatal conductance

while not affecting measurements of mean pore diameter or effectivity. Since

stomata may take some time to respond to the prevailing levels of irradiance,

some lag phase in stomatal conductance could be expected during periods with

intermittent shading thereby accounting for the variation in response to solar

irradiance. In T. latifoliø, the lag phase after the sudden withdrawal of

irradiance, consisting of the time between the stomata being fully open and

being fully closed, has been found to be cø 35 minutes (Whiting and Chanton,

L996), whilst in terrestrial species, the lag interval ranges from 1L0 (Meidner

and Mansfield, 1968) to 180 minutes (Willmer, 1983).

From the perspective of the plant, the dependence of effectivity on stomatal

conductance means that in T. domingensis ef.f.ectivity will be lowest during the

midday hours (cf Figure 2.5) when environmental parameters promoting

pressurisation are at a peak (Brix et ø1., 1992). Nevertheless, at the lowest

effectivity the leaves still developed static pressures of >50 Pa despite the

generally humid conditions within the glasshouse. Such pressures would still

result in some convective flow. In contrast, the effectivity of P. australis was

found to be generally higher during the midday hours. Consequently, we could

expect that the internal pressure of P. øustrølis wiII, if measured under nominal

conditions of temperature and relative humidity, be consistently higher



compared with T. domingensls - an observation already made by Brix et aL

(1ee2).
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Figure 2.1.: Irradiance (closed circles) and stomatal conductance in T.
domingensls over the diel period. Stomatal conductance of the three leaves are
distinguished by different symbols. The regression line for irradiance was
predicted using an iterative model.
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Figure 2.2: kradiance (closed circles) and stomatal conductance in P. australis
over the diel period. Data taken during both clear and unsettled conditions is
included. The regression line was predicted using an iterative model.
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Figure 2.3: Regressions between stomatal conductance and effectivity in P.
australis (diamonds) and T. domingensis (squares). The regressions lines were
predicted using an iterative model. Data for P. austrølis taken during unsettled
conditions was excluded. See Table 2.4 for regression analyses.
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Figure 2.4: Regression between effectivity and stomatal conductance in P.
øustrnlis. The squares denote data collected during unsettled weather
conditions whilst circles represent data collected when the weather conditions
preceding the data collection were stable.
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Figure 2.5: Effectivity over the diel period in both P. austrølis (solid
squares)(data taken during unsettled conditions not included) and T.
domingensls. The three replicates of T. domingensis are represented by
different symbols (hatched square, open circle and open diamond).
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Figure 2.6: Regressions between mean pore diameter and effectivity in T.
domingensls (hatched square) and P. øustrølis (open diamonds)(data taken
during unsettled conditions not included). The regressions lines were predicted
using an iterative model. See Table 2.5 lor regression analysis.
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squares) and data collected during unsettled weather.
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Figure 2.8: Linear regressions between mean predicted pore diameter and
stomatal conductance in P. austrølis (open diamonds)(data taken during
unsettled conditions not included) and T. domingensls (hatched squares). See

Table 2.6 lor regression analyses.
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Figure 2.9: Regression lines correlating effectivity and predicted mean pore
diameter in T. domingensls where the pore diameter was predicted using a

range of tortuosity factors from one (open squares) to four (hatched squares).

10

30

òe

x.. ZU

(J
0)r+r

t+a
ËIì

10

40

35

830
x€
:E 25
+¿(J
0)(+r

Ë20

L5

0 0.L 0.2 0.3 0.4

Pore diameter (pm)

Figure 2.L0: Regression lines correlating effectivity and predicted mean pore
diameter in P. australis where the pore diameter was predicted using a range of
tortuosity factors from one (open squares) to four (hatched squares).

tft o. 
fo"to% , ,

tr o oE
B 3gttr o oE

trooE
o oE

ET
trGtroc
tr o(E
trod
E C€E

E OOE

oo
I gE
o oE
T BË

tr o oEtr o oE

ooE

Ë q qt
ooE



Pore diameter (pm)

Nominal Observed Predicted

0.L

0.6

1,.2

3.0

0.103 (0.01)

0.634 (0.12)

1.44 (0.15)

2.e7 (0.66)

0.1L3 (0.002)

0.667 (0.007)

1.52 (0.07)

2.77 (0.06)

Table 2.1: Comparison of the mean pore diameters of IPC membranes observed
using an SEM with values predicted with a capillary model derived from the
Poiseuille-Hagen equation Mean (SD), n= 5.

Surface area (cm2)

Stomatal density (# / mrnz)

Partition fractional porosity

230.s (4.7)

125.3 (4.4)

1e.4 (5.2)

240.1. (64.2)Partition thickness (pm)

Table 2.2: Yahues for the plant characteristics used in the calculation of mean
pore diameter of T. domingensis leaves. Mean (SD), n=3.

Tissue

Leaf sheath Stem

Surface area (cm2)

Stomatal density (# / rrrrn2)

Partition fractional porosity
Partition thickness (pm)

eee.13 (e5.0)

4e5.6 (81.1)

8.7 (3.r)

132.1. (46.e)

502.7 (47.1)

818.2 (66.2)

4.2(2.4)

1152.3 (83.3)

Table 2.3: Values for the plant characteristics used in the calculation of mean
pore diameter of P. austrølis culms. Mean (SD), n=3.

T. domingensis P. austrølis

12

p value

n

0.9510

<0.0001

21

0.8947

<0.000L

17

Table 2.4: Results of the regression analyses between effectivity and stomatal
conductance in T. domingensis and P. australls (see Figure 2.3).



T. domingensis P. øustralis

12

p value

n

0.91.63

<0.0001

21,

0.9112

<0.0001

17

Table 2.5: Results of the regression analyses between effectivity and mean
predicted pore diameter in T. domingensis andP. øustrølis (see Figure 2.6).

T. domingensis P. austrølis

12

p value

n

0.9401

<0.000L

21,

0.8622

<0.0001

T7

Table 2.6: Results of the regression analyses between mean predicted pore
diameter and stomatal conductance in T. domingensls and P. austrøIis (see

Figure 2.8).

species measurement dimensions time of author
(pm) measurement

T. domingensis length x \1.6x5.2 - Roberts (1987)

T. løtifolia

T. øngustifolin

P. øustrølis

width
width 2

1

P. austrølis

P. øustrølis

width

width

area

atea

7.7 (adaxial)

8.3 (abaxial)

midday

midday

Bendix et al.
(Lee4)

Bendix et ø1.

(lee4)
Armstrong

and
Armstrong

(1ee1)
Hardy et ø1.

(1ees)
Hardy et ø1.

(tee5)

0.1,3 - 0.25

Table 2.7: Measurements of stomatal dimensions in P. austrølis and three
species of Typhø as cited in the literature.
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Chapter 3. Resistance to convective flow in Typhø domingensis and,

Phrøgmites øustrølis

3.1 Introduction

Once internal pressurisation occurs, it is expressed as convective flow through

the continuous and anastomosing network of lacunae present in both T.

domingensls and P. øustralls (Armstrong and Armstrong, t991,; Brix et al., 1992;

Bendix et al,, 1994; Tornbjerg et ø1., 1994). The rate of convective flow is

proportional to the resistance to gas flow in accordance with an analogue of

Ohm's law (see Equation 3.1). As the resistance is proportional to the pressure

gradient as well as the flow rate, it may be considered an index of the efficiency

with which pressure is converted to flow. Estimates of resistance have been

published for a variety of species of emergent macrophyte including T. Iøtiþlia

and T. øngustifoliø (Tornbjerg et ø1., \994; Bendix et al., 1994), P. austrnlis

(Armstrong and Armstrong, \990; Brix et al., 1992; Kohl et aI', 1996), Nuphar

spp. (Dacey, L98L), Eleocharis sphacelatø (Brix et al., 1992; Sorrell and Boon,

L994), Baumeø articulatø, Cyperus inaolucrøtus, Schoenoplectus aalidus, T.

domingensis,T. orientalis, and I. ingens (Brix et aL, 1992).Resistance of the

above-ground portion of the plant has been found to range from 1.8 to 62.0

MPa s m-3 for P. øustralis and S. aøIidus, respectively (Brix et aL, 1992). Despite

the wide range, no systematic attempt has been made to investigate the factors

which influence the level of resistance. Perhaps the only attempt made to

explain the observed levels of resistance was made by Armstrong et al. (1988)

who showed there was a negatively logarithmic relationship between resistance

and the diameter of nodal pith cavities within the rhizomes of P. øustralis.

The Poiseuille-Hagen equation (see Equation 3.2) integrates the factors

involved in the conversion of pressure to flow. Thus, it can be used as a basis

for the investigation of resistance in plants. The equation predicates that the

resistance is dependent on the pathlength of flow and the radius of the capillary



through which gas is travelling. The more important of the two factors is the

radius which is inversely proportional to the resistance to the fourth power.

The two species of interest - T. domingensls and P. øustralls - have distinct

anatomies. T. domingensis, for instance, has a number of small lacunae

whereas P, øustralis has a single large lacuna. As a resultT. domingensis should

have higher resistances compared with P. australls. Also, where the lacunae of

T. domingensls are continuous, the lacuna of P. nustrølis is divided by a

number of nodal septa which may provide a barrier to convective flow thereby

increasing the level of resistance. In addition to the physical characteristics of

the capillary, resistance is increased by the occurrence of turbulence within the

flow stream. The potential for turbulent type flow, as opposed to laminar flow,

can be estimated in the form of Reynold's number (see Equation 3.3).

Turbulence of the flow stream is more likely to occur in capillaries of large

radii. P. øustralis, which has large lacuna relative to T. domingensls, can

therefore be expected to have higher Reynold's number than T. domingensis.

Further, by comparing the observed resistance of the two species, those

anatomical characteristics which contribute most to the resistance to convective

flow may be identified.

Emergent macrophytes have the capacity to adapt anatomically to the

prevailing environmental conditions. Of particular relevance to macrophytes is

water depth, nutrient loading and salinity (Sculthorpe, 1967). As the resistance

to convective flow is dependent on the anatomy of the plant, the affect of any

environmental parameter should be to alter the level of resistance. While no

direct observations have been made on the influence of the environment on

the anatomical characteristics or resistance of the lacunae, there is an

abundance of experimental work examining the affect of the environment on

the ecology and morphological traits of both of the study species from which we

might predict the influence of each environmental parameter on the lacunal

anatomy and resistance to convective flow.



The effect of salinity has been investigated in both T. domingensls and P.

øustrølis as both species are capable of enduring a wide range of salinities; up to

22.5 g L-1 in P. øustralis (Lissner and SchieruP, L997), and >6 8 L-l in T.

domingensls (Glenn et ø1., 1995). Typically, salinity causes a stunting of growth;

decreased stem/leaf length, biomass and shoot density (Hocking, L981; Hellings

and Gallagher, 'J,992; Glenn et ø1., L995; Lissner and Schi€rüp, 1997). As

resistance is proportional to the pathlength of convective flow (see Equation

3.2), tlne decrease in stem/leaf length should result in reduced total resistances

relative to control plants. However, the reduction in the dimensions of the

plant may also affect the size of the lacunae where a decrease in the lacunal

cross-sectional area would lead to an increase in the resistance per unit length.

Water depth has been shown to elicit an increase in the length of the leaf/stem

(Grace, L989; Waters and Shay, 1990; Squires and van der Valk, 1992) so as to

maintain emergent growth and the plant's connection with the atmosphere

(Mooney, 1972; Jordan and Whigham, 1988; Armstrong et ø1., 1994). The

increase in pathlength with increasing inundation should result in higher

resistances.

Plants growing under conditions of high nutrient loading have been shown to

produce organs of greater proportion relative to control plants; longer stems

and/ or leaves, and greater total and biomass allocation (Grace, 1988; Clevering,

1998). The increase in the leaf/stem length should increase the resistance. On

the other hand, the general increase in the proportions of the plants may

translate into an increase in the lacunal cross-sectional area thereby reducing

the resistance per unit length.

As the anatomy of the lacunae is likely to be influenced by the environment, it

is possible the plants will adapt anatomically in order to maintain nominal

levels of resistance and convective flow. This could be achieved through

changing the proportion of the total cross-sectional area of leaves or stems



allocated to the lacunae (eg, fractional porosity), a factor which has been shown

to respond to environmental factors such as flooding (Justin and Armstrong,

1987). To investigate the influence of environmental parameters on lacunal

anatomy and resistance, field surveys were conducted at two field sites which

typify conditions of high salinity and high nutrient loading, whilst a pond

experiment provided plants from a range of water depths.

In the past, measurements of the total resistance of plants have been made

primarily to evaluate the capacity for net gas fluxes (either 02 or CH+). Examples

of this are Armstrong and Armstrong (1990), Brix et al. (1992), Sorrell and Boon

(1994), Bendix et aI. (1994), Brix et al. (1996) and Kohl et al. (1996). However,

little research has been devoted to describing the way in which convective flow

occurs within emergent macrophytes. For instance, leaves and stems are not a

simple capillary as envisioned by Poiseuille or Hagen. In addition to acting as a

conduit for convection, it is also the organ of pressurisation into which gas

must pass to replenish that lost through convective flowthrough. To

demonstrate the interaction between these two functions, we can contrast

measurements of resistance using two different approaches.

The first approach for measuring resistance is field-based and involves

measuring the internal pressure and rate of convective flow in intact material.

The second method involves taking sections of plant material and providing a

source of internal pressure, usually by pumping gas into the lacunae of the

tissue segment (see section 3.3.1.2). The two methods were used by BÅx et ø1.

(1992) to quantify internal resistance in the stems of P. øustralis, as well as a

number of other species. The 'intact' method estimated the resistance to be L.8

MPa s --3, whereas the section, or 'cut' method, gave a value of 66.7 MPa s m-3

(calculated from mean values given by Brix et al., L992). As resistance is

proportional to pathlength, the discrepancy between these two values would

suggest that convective flow is not occurring along the entire length of the stem

in intact plant material. This cannot be the case, however, since the lacunae are



continuous along the length of the stem of P. australis, as too should be the

pressure gradient which drives convective flow. The explanation may lie in the

fact that in intact material gas must enter the lacunae through the pores

separating the lacunae and the atmosphere, pores which will be evenly

distributed over the surface of the stem. Flence, some molecules will enter the

lacunae near the tip and travel nearly the entire length of the stem, whilst

others will enter the lacunae near the base and travel only a few centimetres

before exiting the leaf. As such, the resistance to convection is not directly

proportional to the length of the leaf or stem but to the mean distance the

molecules travel before exiting the stem. If correct, when the pores connecting

the lacunae and the atmosphere are progressively occluded starting at the base

of the stem or leaf, the mean distance travelled by molecules should increase as

too should the apparent resistance.

The experimental objectives were:

1) To examine the influence of anatomical characteristics (lacunal cross-

sectional area and the nodal septa in P. øustrølis) on the resistance to convective

flow,

2) To compare and contrast the measured resistance with the resistance

predicted using the Poiseuille-Hagen equation with reference to Reynold's

number,

3) To quantify the affect of certain environmental parameters (nutrient loading,

salinity and water depth) on the anatomy,'morphology and resistance to

convective flow in the above-ground portions of the plant,

4) To compare and contrast the values of resistance of the leaf/stem material

using the 'cut' and 'intact' methods, and



5) To quantify the resistance in intact plant material where the pores connecting

the lacunae and the atmosphere were progressively occluded.

3.2 Theory

The rate of gas transport by convective flow is related to the level of resistance

by an analogue of Ohm's law:

R=M/Q (3.1)

where R = resistance to bulk flow (Pa s m-a¡

AP = pressure differential (Pa)

Q = volume flow rate (m3 s-1)

In practical terms this equation states that the resistance to flow will be

proportional to the slope of the linear regression relating the flow rate and the

pressure gradient or internal pressure.

For the laminar flow of gas in regular capillaries the Poiseuille-Hagen equation

can be used to predict the resistance:

ft=

where It - gas viscosity (0.018 x L0-3 Pa s; Giancoli, L985)

L = tube length (m)

r= tube radius (m)

The equation demonstrates internal resistance'to be inversely proportional to

the radius of the capillary to the fourth power making resistance very sensitive

to changes in the capillary dimensions. The units for resistance are usually

SttL
Afir-

(3.2)



expressed as per m-3. However, for comparison to be made between different

material, and to differentiate the influence of pathlength and capillary radius, it

is necessary to quantify the resistance for a 1, m length of tissue. The units for

the resistance to convective flow become Pa s m-4 to denote the measurement

of resistance related to a particular length of tissue (eg, L m).

To describe the characteristics of convective flow Reynold's number can be

estimated to give an indication of whether the flow is laminar or turbulent

(Vogel, L981):

Re
2Orp

(3.3)
n

where Re= Reynold's number (dimensionless)

ã= mean velocity of gas (m s-t¡

p = mass density (1.29 kg^-3; Giancoli, L985)

q - gas viscosity (0.018 x l-0-3 Pa s; Giancoli, L985)

Below approximately 500 flow is dominantly laminar whereas above 2000 the

flow characteristics are more turbulent (Vogel, 1981,; Streeter and Wylie, L985).

When flow becomes turbulent, the eddies produced by local disturbances

increase the amount of internal friction thus reducing the average velocity of

the gas through the tube or lacunae, and causing an apparent increase in the

resistance to convective flow. The eddies or disruptions to flow lamilarity are

also propagated through the flow stream. Turbulent flow can occur at

Reynold's numbers below 500 but the eddies are not propagated through the

flow stream and the resultant affect on the resistance is much less (Vogel, 1981).

Gas velocity (as expressed in Equation 3.3) can be calculated with a derivative of

the Poiseuille-Hagen equation (Equation 3.2) given by Vogel (1981):



LP12
a (3.4)w

where ã= mean gas velocity (m s-t¡

3.3 Materials and methods

3.3.'1. Løcunal ønatomy ønd resistønce to conaectiae flow

3.3.1.1- Plant mnterial

Whole plants growing at 0 cm water depth were harvested from River Torrens,

South Australia, and brought back to the laboratory. The below-ground parts of

the plants were kept in water until required. Segments of T. domingensis

leaves were taken from just above the leaf sheath of leaf number three (leaf

number one being the youngest). P. australls segments were taken from near

the base of the stem and, unless otherwise stated, had one nodal septa. The

leaves and leaf sheaths were removed. Only small segments were used in

experiments (ca 10 - 20 cm). Rhizome samples of both species were, where

possible, taken from mature rhizomes (eg, rhizomes which had developed a

terminal shoot).

3.3.1-.2 Meøsurement of resistønce and løcunøl cross-sectional øren

Resistance was measured on short segments of tissue. The total area of tissue

cross-sections was measured with a dissecting microscope. The tissue cross-

section was overlaid with transparent graph paper with dimensions of l- mm2

and its area measured manually. At least two cross-sections from each tissue

sample were measured, more if the sample had a variable cross-sectional area.

The lacunal cross-sectional area of T. domingensis, which represents the cross-



sectional area through which gas can travel, was estimated by multiplying the

total cross-sectional area by the fractional porosity. The lacunal cross-sectional

area of P. australis was measured directly under a dissecting microscope.

Fractional porosity of the tissue segments was determined by weight-volume

studies assuming a specific weight of 1 g 
"--3 

(Brix et øL, L992). Volume was

estimated by measuring the cross-sectional area of the tissue and multiplying it

by the segment length. The weight-volume techniques has been found to give

values close to those using pycnometry (the technique used in Chapter two;

Smits et ø1.,1990).

Resistance to bulk flow was measured by internal pressure-flow relationships

in accordance with Equation 3.1. A pressure head was provided by a peristaltic

pump connected to one end of the tissue by non-expandable tubing (internal

diameter 2L mm) via a flow meter (range 0 - L2 mL min-1; Sierra). The dynamic

pressure of the system was measured with a pressure meter (range 0 - 2000 Pa;

Modus) via an hypodermic needle. The needle was inserted into the tubing

leading from the peristaltic pump (range 0 - 10 mL min-l) to the tissue sample a

few millimetres from the leading end of the tissue. The tubing assemblage and

tissue were submerged during the trials to prevent gas leakage. The baseline

resistance provided by the apparatus was subsequently measured and subtracted

from the total measured resistance of each sample.

3.3.2 Influence of enaironmentøI parømeters on lacunal anatomy, morphology

and resistance to conaectiae flow

3.3.2.1- Plant material

To investigate the influence of various environmental parameters on the

anatomy, morphology and resistance of T. domingensls and P. øustrøIis,

surveys were conducted at two field sites which represent conditions of high



salinity (Bool Lagoon) and high nutrient loading rates (Willunga wetlands)(see

below for a description of these sites), whilst a pond experiment was conducted

to investigate the influence of water depth. Pond-grown plants were preferred

since the water level would be stable. Plants from the field, even when

harvested along an instantaneously measured water gradient, would be a

product of the water regime (Rea and Ganf, 7994a; Rea and Ganf, 1994b;

Brownlow, 1997). As such, field grown plants would not be representative of

the effect of water depth alone, but the suite of features that combine to form

the water regime. Material was also collected from the River Torrens. This

material was considered as baseline material since the Torrens River does not

experience extremes in any environmental gradient (eg, water regime, salinity,

nutrient loading).

Plant material from both Bool Lagoon and the Willunga wetlands was collected

from plants growing at 0 cm water depth so that water depth (or water regime)

would not be a mitigating factor when investigating the affect of other

environmental parameters such as salinity and nutrient loading.

In T. domingensls the dimensions of the leaves which develop through a

season get progressively larger (Roberts, 1987). Flence, a fully mature leaf

developed at the beginning of the season is more diminutive compared with a

leaf of the same age developed later in the growing season. Care was therefore

taken to collect all material (both species, including pond grown plants) within

a six week period during early summer so as to avoid the possibility of

collection time biasing data. l



3.3.2.2 Field sites/Pond experiment

3.3.2.2.L 8oo1 Lagoon - saline site

Bool Lagoon is situated approximately L5 km south of Naracoorte in the south-

east of South Australia and covers some 2690 hectares. It is fed by a catchment

of approximately 12L5 km2 which extends into Western Victoria. It consists of

three interconnected basins (Hacks Lagoon, Central Basin and Western Basin;

Figure 3.1) which together hold a maximum of 31,000 ML with a mean and

maximum depth of L and L.5 m, respectively. The Lagoon system supports a

wide range of aquatic macrophytes (Brownlow, 1997).

Surrounding Hacks Lagoon are a number of ephemeral pools which support

both T. domingensls and P. australis. When present, the surface water

conductivity varies between L0 and 12 dS m-1. The high conductivity is due to

both the ephemeral nature of the pool and a saline ground water (ca L5 dS m-1;

Morris, 1998). The water level in the lagoon basins and the ephemeral pools is

variable.

3.3.2.2.2 Willungø wetlønds - high nutrient loøding site

The Willunga wetlands were constructed in \992 to treat approximately 255 ML

y-1 of secondary effluent from a portion of the Willunga City Council region. It

consists of three serially connected treatment lagoons and a storage lagoon

(Figure 3.2) which together cover an area of 14,850 m2. Together, the lagoons

may hold up to 266 Ilr/.L. The treatment ponds have an average depth of 1.5 m

and a maximum depth of 3.0 m. The water level is static.

The concentrations of nitrogen and phosphorus in the inflow are 36.8 mg L-1

and 13.9 mgL-L, respectively (Piranti, 1995). The equivalent loading rates are

334.9 g N m-z y-1 and 126.2 g P m-z y-1, respectively. The principle species found



in the wetland are T. domingensis,P. australis,Bolboschoenus medianus and

Triglochin procerum.

3.3.2.2.3 Pond experiment - wøter depth

Single shoots were collected from the Torrens River. The plants were planted

in plastic pots (22 L volume, one shoot per pot) in sandy loam. Nutrients were

added to the sandy loam in the form of Osmocote slow-release fertiliser at a

loading rate equivalent to 100 g N m-2 y-1. This loading rate was chosen because

it has been shown to be non-limiting to the growth of emergent macrophytes

(Morris, 1998). Approximately 70% of the nutrient load was Provided by

Osmocote slow release fertiliser (the duration of nutrient release is between six

to nine months) which is composed primalily of nitrogen, phosphorus and

potassium. The remaining 30% of the nutrient loading consisted of Osmocote

Plus which, in addition to nitrogen, phosphorus and potassium, also contains a

range of micro-nutrients. The sandy loam was topped with a 2 - 3 cm layer of

cricket pitch clay to provide a barrier to the diffusion of oxygen into the

sediment, and to prevent the release of nutrients into the water column. The

plants were allowed to grow for approximately eight weeks before harvesting

began.

3,3.2.3 Experimental procedure

Whole plants were harvested and broad measurements taken first. These

included the length of the stem in P. øustralis or leaf number three of T.

domingensls (leaf number one being the youngest), and the number of nodal

septa in P. øustrølis. Tissue segments (usually 20 cm in length) were taken

serially from the leaf or stem starting from the distal end of the material.

Samples were taken up to a maximum length of 1..5 m (eg, giving a total o17 - 8

samples per leaf/stem). The cross-sectional area (total and lacunal), fractional

porosity and resistance of each segment was measured as per section 3.3.1.2. In



addition to being used to determine lacunal cross-sectional area in T.

domingensls, fractional porosity was also used as an indicator of anatomical

adaptation by the plant; any change in the fractional porosity would indicate a

change in the proportion of the total cross-sectional area taken uP by lacunae.

3.3.2.4 Statistical anølysis

The data (total and lacunal cross-sectional aÍea, number of lacunae in T.

domingensls, cross-sectional area per lacuna in T, domingensis, fractional

porosity and resistance) were analysed using a two-way analysis of variance to

determine whether there was any response of the measured value along the

length of the leaf or stem, to determine whether there was any influence of the

environment from which material was taken on the measured response, and

to determine whether there was any interaction between the environment and

the point along the leaf or stem.

3.3.3 Resistance in 'intact', 'cut' and 'sealed' plønt materiøl

3.3.3.L P\ønt møteriøI

Whole plants of T. domingensls and P. australls were harvested from River

Torrens, and brought back to the laboratory for experiments. The below-ground

parts of plants were kept in water until required. Whole leaves or stems with a

length of L m were excised and used immediately in experiments. Leaf number

three of T. domingensis was used.

3.3.3.2 Experimental procedure

The resistance was measured in leaves or stems subject to three separate

treatments. The first treatment, termed 'intact', was an intact leaf/stem where

the plant generated its own source of pressure. The second treatment, termed



'cut', involved providing an artificial source of pressure. The terminal 3 cm

was removed from the leaf or stem, and the cut end connected to a peristaltic

pump with tubing. The third treatment, termed 'sealed', was similar to the

'cut' treatment except the entire surface of the leaf was coated with petroleum

jelly to prevent the movement of gas through the pores connecting the lacunae

and the atmosphere. The treatments were applied in series on each leaf or stem:

'intact', 'cut', followed by the 'sealed' treatment. In all treatments the internal

pressure was measured at a point approximately 5 cm from the leaf tip/distal

node of the stem. The needle was inserted at this point so as to avoid

differences in the resistance due to the removal of the terminal 3 cm of the

stem or leaf. The base of the leaf or stem was connected to a flow meter. To gain

a range of values of internal pressure in the intact treatment an infra-red lamp

was used to warm the leaf. In the remaining two treatments, the flow rate

through the leaf/stem was varied by altering the output of the peristaltic PumP.

At the conclusion of the experiment, the plant material was examined to

ensure the lacuna(e) were continuous along the whole length of the leaf or

stem.

To examine the affect of occlusion of the pores connecting the lacunae and the

atmosphere, the resistance of material was measured in the same way as for the

'intact' treatment from the previous experiment. In order to occlude the Pores

of the leaf/stem, the material was progressively submerged in water up to a

maximum depth of 45 cm. At each interval of water depth (0, l-5, 30 and 45 cm)

the resistance was measured by correlating the internal pressure and flow rate.

The convective flow expressed from the cut end of the leaf or stem was vented

to the atmosphere (via a flow meter), not into the water column.



3.4 Results

3.4.1- Løcunøl ønøtomy and resistønce to conaectioe flow

3.4.1-.1 Løcunøl cross-sectionøl area

Data was fitted with a log-log regression line (Figure 3.3). The individual

regressions had coefficients ranging from 0.753 to 0.917 (Table 3.1) suggesting

that the majority of the variation in the resistance could be explained by the

lacunal cross-sectional area. The slopes of the regressions were significant

(Table 3.1).

3.4.1.2 lnfluence of nodøl septa on resistønce in P. australis

The influence of the nodal septa on the resistance in P. austrølis was

investigated by measuring the resistance of tissue segments of varying lacunal

cross-sectional area which had either zero, one or two septa (Figure 3.4). The

type of correlation (eg, negatively log-1og) was not influenced by the Presence or

number of septa. The regression coefficients ranged from 0.908 to 0966 (Table

3.2). The slope of all regressions were significant. At a given lacunal cross-

sectional area of L0 mm2 the influence of the septa was estimated from the

differences in resistance between the regression lines for each treatment. The

differencebetween zero and one septa was77.4 kPa s --4, whilst the difference

between one and two septa was 99.5 kPa s m-4. The average increase in the

resistance attributable to the occurrence of a single nodal septa was 88.4 kPa s m-

4. However, given that the slopes of the regressions were not one for all of the

treatments (Table 3.2; mean slope 'J..24), the resistance of a single nodal septa

would appear to depend uPon the lacunal cross-sectional area.



3.4.1.3 Comparison of obserued ønd predicted resistances

The Poiseuille-Hagen equation (Equation 3.2) predicts the regression between

capillary cross-sectional area and resistance to be negatively log-1og (Figure 3.5) -

the same as observed regressions. For all tissue types of both species, the

observed resistance was higher than the predicted (Figure 3.6 and Figure 3.7; T.

domingensls and P. australls, respectively) most likely due to the additive affect

of flow stream turbulence on the resistance. The high observed resistances of T.

domingensls in comparison with predicted values can also be explained by the

fact that the cross-sectional area does not represent a single lacuna but a number

of smaller lacunae. As stated by the Poiseuille-Hagen equation, resistance is

related to the radius of a tube to the fourth power. The resistance will be higher

for a number of smaller lacunae in comparison with a single large lacuna even

where the total lacunal cross-sectional area is the same in the two systems.

Hence, T. domingensis lacunae, despite having equivalent cross-sectional areas

to the stems of P. øustrølis,have significantly higher resistances. The number of

lacunae in leaf material of T. domingensis ranged from 9 to L3. If the resistance

of the leaves of T. domingensls is predicted with Equation 3.2 taking into

account the occurrence of a number of smaller lacunae (ie, calculating the

resistance ol 9 - 13 small lacunae instead of one large lacuna), the predicted

resistance increases coming closer to the observed resistance (Figure 3.8). The

number of lacunae in the rhizome material of T. domingensls was not

determined. However, the rhizomes of T. domingensls have more numerous

lacunae than do the leaves. The increase in the resistance of the rhizomes

predicted using the Poiseuille-Hagen equation when taking into account the

number of lacunae would be more substantial than the increase for the leaves.

The ratio of the observed to predicted resistance differed between the two

species, and between the rhizomes and shoot of P. austrølis (Table 3.3). As the

difference between the observed and predicted resistance is due to the

occurrence of turbulence, these data demonstrate that the contribution of



turbulence to the resistance is greatest in the rhizomes of P. austrølis, lollowed

by the stems of P. austrølis, and least in the leaves of T. domingensis.

3.4.1..4 Reynold's number

The two variables important in the calculation of Reynold's number are the

radius of the tube through which gas is travelling and the velocity of gas. To

calculate Reynold's number for T. domingensls the number of lacunae had to

be known so that the dimensions of the individual lacunae could be used in

calculations. The number of lacunae within the leaf was quantified whereas the

number of lacunae within the rhizome was not. Five rhizomes were

subsequently harvested from the River Torrens and the number of lacunae Per

rhizome estimated under a dissecting microscope to be 5730.6 (SD=2542.6).

While the number of rhizome lacunae is likely to vary with cross-sectional

area, this value gives a general estimate for the purposes of calculation of the

Reynold's number.

Mean values of Reynold's number were calculated for the two tissue types

(leaf/stem and rhizome) of each species assuming an internal pressure of 100 Pa

and ignoring the presence of nodal septa inP. austrølis (TabIe 3.4). The data are

consonant with the ratios of predicted to observed resistance for the various

tissues (see Table 3.3). Gas flow within T. domingensls is likely to be laminar

since the plant is composed of many small lacunae, whilst in P. øustrølis the

flow characteristics will be more turbulent especially in the rhizome. Such

turbulence will result in more chaotic flow patterns which will lead to an

increase in the internal friction of the gas and hence the apparent resistance of

the lacunae.

The potential for turbulence depends on the internal pressure. To explore

the influence of internal pressure on the Reynold's number, calculations were

made for a range of lacunal cross-sectional areas ranging from 2.'l' to 308.4 mm2



(the same range in lacunal cross-sectional areas found in plant material of both

species) with two different internal pressures: 100 and 200 Pa (Figure 3.9).

Reynold's number was higher at a pressure of 200 Pa due to the increase in the

gas velocity.

3.4,2 Influence of enaironmental parømeters on morphology, anøtomy ønd

resistance

3.4.2.1. Leaflstem morphology

The mean length of the stem of P. austrøIis and length of leaf number three in

T. domingensls varied between plants from the River Torrens, Bool Lagoon

and Willunga'wetlands (Table 3.5). In both species, plants from the saline site

showed a reduction in the length of either leaves or stems compared with

plants from other sites. In contrast, both species showed an increase in

stem/leaf length in response to high nutrients. As resistance is directly

proportional to the pathlength of convective flow, these data suggest that if

lacunal area was the same in plants growing in different environments, the

total resistance should be highest in plants growing in high nutrients and

lowest in plants of saline environments.

The total number of nodal septa in P. øustrølis was also found to change

depending on the conditions the plants were growing under (Table 3.6). Plants

growing in high nutrient conditions developed the greatest number of nodal

septa while plants growing under saline conditions developed the fewest.

The length of the stem or leaf varied in plants depending on the water depth

(Table 3.5) with plants growing at deeper depths developing the longest stems

or leaves. Both species appeared to adapt to water depth to approximately the

same degree. Consistent with the data collected from plants growing under



other environmental conditions, P. australis }lad longer stems compared with

T. domingensis at all depths.

3.4.2.2 Lacunal anatomy ønd resistønce

In both species the lacunal and total cross-sectional area increased along the leaf

or stem with the larger dimensions found at the base in both T. domingensis

(Figure 3.10a and Figure 3.10b, total and lacunal cross-sectional atea,

respectively) and P. øustralls (Figure 3.1,1.a and Figure 3.11b, total and lacunal

cross-sectional atea, respectively; see Table 3.7 for results of the two-way

analysis of variance); this occurred in plants from all sites (River Torrens, Bool

Lagoon, Willunga wetlands and the different water depths). The environment

influenced the cross-sectional area (lacunal and total) in all cases (Table 3.7).

This could be attributed to the generally higher values of cross-sectional area for

plants grown under conditions of high nutrient loading. In T. domingensls, the

environment also influenced the number of lacunae (Figure 3.12); at any given

point along the leaf, higher numbers of lacunae were found in plants growing

under conditions of high nutrient loading (Table 3.8). When the mean area Per

lacunae was calculated for this species, it was found that although there was an

increase along the length of the leaf, there was no significant effect of the

environment (Figure 3.13; Table 3.8); the increase in the lacunal cross-sectional

area was due to an increased number of lacunae but not any increase in the

dimensions of the individual lacunae.

The fractional porosity varied along the length of the stem of T. domingensis

(Figure 3.1.4;Table 3.9), and along the leaf of P. øustralls (Figure 3.L5; Table 3.9)

with the distal 20 cm generally having a lower fractional porosity. No

differences were found in the fractional porosity of plants from different

environments (Table 3.9) suggesting the plants were not adapting to the

various environmental parameters by increasing the allocation of total cross-

sectional area to aerenchyma.



Concomitant with the changes in the lacunal cross-sectional aÍea, the resistance

changed along the length of the leaf or stem (Figure 3.16 and Figure 3.17;T.

domingensls and P. øustrølls, respectively) with higher resistances in the distal

region (Table 3.10). Due to the high variability in the data of both species, there

was no discernible influence of the environment.

3.4.2.3 Cølculation of cumulatiae resistønce to conaectiae flow

A common data set was compiled for each species (irrespective of treatment) to

demonstrate the relationship between cumulative resistance and leal/stem

length starting at the leaf tip/distal node (Figure 3.18 and 3.19;T. domingensis

and P. austrølis, respectively). Both species showed an increase in the

cumulative resistance with increasing pathlength. This was ameliorated to

some extent by the changes in lacunal dimensions along the length of the stem

or leaf which acted to reduce the incremental increase in resistance per unit

length. Such changes were of greater influence in T. domingensls which began

to asymptote, whereas in P. australls the regression was approximately linear.

Flence, pathlength is of greater importance to P. australls in determining the

resistance than in T. domingensis.

3.4.3 Resistance in 'intact', 'senled' and 'cu.tt' plønt material

For both species the resistance measured in plants during the 'sealed' and 'cut'

treatments were not significantly different (Table 3.L1) suggesting there was no

difference between these two treatments; in both cases gas travelled the whole

length of the stem or leaf and the resistance therefore reflects the total

resistance of the leaf. The resistances measured when the plant material was

subject to the 'intact' treatment were significantly lower in both species when

compared to the values of resistance for the other treatments (p<0.0001). If

expressed as a percentage of the mean value of resistance for the 'sealed' and

'cut' treatments, the resistance measured under the 'intact' treatment



represents 73.9% in T. domingensis and 54.9% in P. australis. As the resistance

per unit length will not be constant along the length of the stem of P. australis

or the leaf of T. domingensis (see previous section), these values do not strictly

relate to a percentage length of the stem or leaf.

As the pores communicating the lacunae and atmosphere were progressively

occluded through inundation, the resistance of both species increased (Figure

3.20 and 3.21., T. domingensls and P. australis, respectively). As the pores

connecting the lacunae and the atmosphere were occluded gas was forced to

enter through pores higher up the stem or leaf resulting in a greater pathlength

for those gas molecules. This led to an apparent increase in the resistance. In

both species the correlation between inundation and resistance was logarithmic

due to changes in the lacunal cross-sectional area and resistance along the

length of the leaf or stem. Flence, as gas is forced to enter the lacunae at points

higher up the stem or leaf, it encounters both an increase in the distance it

must travel before exiting the lacunae and smaller lacunal cross-sectional areas.

These data suggest that in intact material resistance is dependent on the mean

pathlength travelled by gas molecules and not the pathlength of convective

flow.

3.5 Discussion

Lacunal cross-sectional area was a primary determinant of resistance to

convective flow. This is illustrated by the high regression coefficients for the

regressions between lacunal cross-sectional area and resistance. The importance

of lacunal cross-sectional area is also demonstrated by the contrasting levels of

resistance found in T. domingensls and P. australis, and in the comparison of

the leaves and rhizomes of T. domingensis. The highest resistances were found

inT. domingensis where the aerenchyma consists of a number of lacunae with

small cross-sectional areas. Similarly, T. domingensis rhizomes have a



multitude of lacunae with small cross-sectional areas. Hence, rhizomes had

considerably higher resistances in comparison with the leaves.

The nodal septa influenced the resistance to convection without influencing

the form of the correlation between lacunal cross-sectional area and resistance.

As has been pointed out, the septa are not a membrane, but a constriction of the

lacunae where the main lacuna branches into many small lacunae at the point

of the septa (Armstrong et al.,19SB). The degree to which the septa contribute to

the resistance will depend on the total number of septa which may vary

between 8 and L5. The total resistance of the septa will therefore range between

7.07 to 15.15 MPa s *-a (at a lacunal cross-sectional area of L0 mm2). The

significant affect of the septa on the resistance (considering the highest value of

resistance in the stems of. P. australis was 5.48 MPa s m-4) represents a trade-off

by the plant between the capacity for convective flow and the structural

integrity of the stem, to which the septa undoubtedly contribute.

Lacunal size also helps to determine whether gas flow is laminar or turbulent.

The two factors, dimension-dependent resistance and flow characteristics, act in

contest. Small lacunae give rise to high levels of resistance due to the high ratio.

of contact, and therefore friction, between the inner surface of the lacunae and

the convected gas. But small lacunae also permit a more laminar flow type

which minimises the internal friction of, and resistance to, the passage of

convective flow. Consonant with this, the potential for turbulence (as indicated

by the Reynold's number) was found to be highest inP. øustrølis. Furthermore,

the resistance is influenced by the texture of the inner surface of the lacunae.

The inner surface of. P. australis Iacuna is heavily textured, and it is likely these

protuberances act to disrupt the regular flow of gas causing more turbulence

than could be expected on the basis of lacunal size alone (Vogel, 1981). The

importance of turbulence (both flow stream friction and that caused by the

irregularities of the inner surface of the lacuna) in increasing resistance is



demonstrated by the difference between the observed and predicted resistance

in P. austrølis.

As the Reynold's number is indirectly dependent upon the internal Pressure

via gas velocity, higher pressures than those used for calculation of the

Reynold's numbers would indicate greater turbulence within the flow stream

and greater resistance to flow. Typically, the internal pressures of plants in the

field will exceed 100 Pa; observations on the internal pressures of field

populations of P. austrølis range up to ca 900 Pa (Brix et al., 1996), whilst

pressures of up to 780 Pa have been noted in T. domingensis (Brix et ø1., 1992).

As these values are static pressures (ie, when no convective flow is occurring),

the actual or dynamic pressures (ie, when convective flow is occurring) will be

somewhat lower. As a consequence of the high internal pressures of plants in

the field, the resistance to convection will be much greater leading to an even

greater discrepancy between the observed and predicted resistances especially in

P. øustrøIis.

There was a minimal effect of environmental conditions on lacunal anatomy

at any point along the length of the leaf or stem with only plants growing

under high nutrient loadings showing any significant differences. There were

no differences in terms of resistance to convection. This contrasts findings

made at an ecological level which suggest plants respond definitively along

gradients in environmental parameters such as water depth and salinity (see

section 3.1). The only distinguishing feature between plants growing under all

other environmental conditions was the length of the leaf or stem which, as

demonstrated by the relationship between cumulative resistance and length of

stem or leaf, will be an important factor in determining resistance, albeit

secondary to lacunal cross-sectional area. Moreover, there was no evidence the

plants adapted anatomically to different environmental conditions; the

fractional porosity did not vary significantly between any environmental

treatments even though the plants have the potential to moderate fractional



porosity (]ustin and Armstrong, 1987) possibly through the action of ethylene

(Drew et ø1., 1979; Kawase, 1981). This may have been due to structural

considerations where the plant cannot afford to reduce the structural

componerrts of the stem or leaf without the prospect of mechanical damage (see

Rowland and Morshead, t992). An example of the importance of structural

features is the nodal septa in P. austrnlis which must provide structural support

for the stem, but which also increases the resistance to convective flow. Despite

the fact there was no anatomical adaptation via changes in the fractional

porosity, no significant differences in the resistances between any treatments

were observed, and this might explain the lack of anatomical adaptation by the

plants.

The resistance to convective flow differed between plant material subject to

'intact' and'cut'/'sealed' treatments. In T. domingensis, the resistance

measured under the 'intact' treatment was 73.9% of that for the mean

resistance from the 'cut' and 'sealed' treatments, while in P. øustrøIls it was

only 54.9"/". In comparison with the data from Brix et ø1. (L992), these values are

high; for P. austrølis the percentage was 2.69o/, At first, this would suggest that

convective flow is not occurring along the entire length of the leaf or stem

despite the fact that the lacunae are continuous, and that pressurisation, the

driving force for convective flow, will occur throughout the lacunae. The leaf,

though, is not a simple capillary, and for pressurisation to be maintained there

must be a net movement of gas molecules into the lacunae according to the

standing gradients in concentration to replenish the gas being lost through

convection. Hence, the driving pressure for convection will, at any point along

the length of the stem of leaf, be equal to the pressure transduced through the

lacuna(e) from further up the stem or leaf, plus the Pressure of the gas

molecules passing into the lacuna(e) from the atmosphere (see Streeter and

Wylie, 1935). Since the gas molecules can move into the lacunae at any point

along the length of the leaf, they may not always travel the entire distance of

the leaf before passing into the rhizome, or in the case of these experiments, to



the atmosphere. Some of the gas molecules are going to enter the lacunae near

the tip of the leaf and travel nearly the whole length of the leaf, while others

are going to enter the leaf near the base and only travel a few centimetres before

exiting the leaf. This is evidenced by the increase in resistance in response to

inundation. The occlusion of the pores means gas is going to preferentially

enter the pores further up along the stem or leaf and therefore have farther to

travel before exiting the lacunae. If the changes in the resistance along the

length of the leaf and stem are taken into account (see relationship between

cumulative resistance and distance from leaf/stem tip - Figure 3.1'8), the mean

pathlength of gas is only 61.1% of the length of the leaf in T. domingensis, and

only 22.8% of the length of the stem in P. austrøIis. For T. domingensls, the

pathlength of convection would be expected if the distribution of pores

connecting the lacunae and the atmosphere and their capacity for the entry of

molecules was the same along the length of the leaf. In P. øustralis, however,

the low estimate of pathlength would indicate molecules are preferentially

entering the proximal region of the stem possibly to offset the resistance offered

by the nodal septa. From the perspective of the plant, the reduction in apparent

resistance in intact material would be advantageous since the resistance Per

unit length increases toward the tip of the leaf or stem. By reducing the

pathlength of gas flow, the high resistances within the tip of the leaf or stem

would be avoided. Moreover, in P. australls, the short-circuiting of much of the

stem would also exclude the nodal septa from resisting convective flow.
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Figure 3.5: Relationship between lacunal cross-sectional area and the resistance
as predicted using the Poiseuille-Hagen equation. The range of cross-sectional
areas are the same as those found in plant material from Figure 3.3.
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Figure 3.6: Linear regression between the observed and predicted resistance in
the rhizome (circle) and leaf (square).of T. domingensis where the resistances
were predicted assuming a single large lacunae.
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Figure 3.7: Linear regression between the observed and predicted resistance in
the rhizome (circle) and stem (square) of P. øustrølls. Note the different units.
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Figure 3.8: Linear regression between the observed and predicted resistance in
the leaf of.T. domingensis where resistances were predicted taking into account
a number of small lacunae as opposed to a single large lacuna.
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Figure 3.9: Dependence of the Reynold's number on lacunal cross-sectional
area. Calculation of Reynold's number was made with two different internal
pressures: L00 (squares) and 200 Pa (circles).

fr
o)p
E

Ê

_(âtÊ
o
Éxoú

0

30

20

c\t

E
È

(6
c)
tsr
(d

(ú
Éo
U
c)
(t)
I

ct)
(t)
o¡r(J
Ê
(ú
Ê
(J
(ú
Fl

10

0

50 100

Distance from tip (cm)

Figure 3.L0a: Lacunal cross-sectional area along the length of leaf number three
in T. domingensls plants growing under various environmental conditions.
Symbols: square - control; diamond - saline; circle - high nutrients; triangle - L5
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Figure 3.L0b: Total cross-sectional area along the length of leaf number three in
T. domingensis plants growing under various environmental conditions.
Mean (SD), n=L0. Symbols as in Figure 3.1.0a.
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Figure 3.11.b: Total cross-sectional area along the stem of P. australis plants
growing under various environmental conditions. Mean (SD), n=10. Symbols
as in Figure 3.1.0a.
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Figure 3.12: The number of lacunae along the length of leaf number three in T.

domingensls plants growing under various environmental conditions. Mean
(SD), n=10. Syr4bols as in Figure 3.10a.
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Figure 3.L3: The mean area per lacunae along the length of leaf number three in
T. domingensis plants growing under various environmental conditions.
Mean (SD), n=10. Symbols as in Figure 3.10a.
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Figure 3.L4: Fractional porosity along the leaf o1 T. domingensis plants grown
under a range of environmental conditions. Mean (SD), n=10. Symbols as in
Figure 3.10a.
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Figure 3.15: Fractional porosity along the stem of P. australis plants Srown
under a range of environmental conditions. Mean (SD), n=1.0. Symbols as in
Figure 3.10a.

G75

8so¡r
o
9.Ê
È25o
+J(J
(ü
*itri 0

0.8

I 0.6

0.4

E
ch

(ú
Êi

0)
I
É
(ú

U)
(t)
oú

0.2

0 50 L00 150

Distance from tip (cm)

Figure 3.16: Resistance along the length of leaf number three inT. domingensis

plants growing under various environmental conditions. Mean (SD), n=10.
Symbols as in Figure 3.10a.
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Figure 3.17: Resistance along the stem of P. øustrølis plants growing under
various environmental conditions. Mean (SD), n=LO. Symbols as in Figure
3.10a.
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Figure 3.18: Calculated mean values of cumulative resistance along the length
of the leaf in T. domingensis.
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Figure 3.19: Calculated mean values of cumulative resistance along the length
of the stem in P. austrølis.
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Figure 3.20: Relationship between inundation and resistance to convective flow
in intact T. domingensis material. Mean (SD), n=10.
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T. domingensis
leaf rhizome

P. austrølis
stem rhizome

rz
p value
equation

n

0.9047
<0.000L

7.09 - L.80 x
log (cs area)

t6

0. 72
<0.000L

8.27 -']...639 x
log (cs area)

L7

0.9082
<0.0001.

0.765 -t.074x
log (cs area)

22

0.7534
<0.0001

2.27 - L.04 x
log (cs area)

19

Table 3.1: Statistical analyses on the log-log regressions correlating lacunal cross-

sectional area and resistance in segments of T. domingensls and P. austrølis (see

Figure 3.3).

number of nodal septa
none one two

i¿
p value
equation

n

0.9663
<0.0001

-L.63 - 1.56 x
log (cs area)

15

0.927r
<0.0001

0.07 - L.08 x
log (cs area)

17

0.9082
<0.0001

0.76 - I.07 x
log (cs area)

22

Table 3.2: Statistical analyses on the log-1og regressions correlating lacunal cross-

sectional area and resistance in P. australis segments with either none, one or
two nodal septa (see Figure 3.4).

Ratio
Leaf/stem Rhizome

e (4705)P. australis
T. domingensis

170.8 (10e.2)
L8.68 (8.676)

Table 3.3: Ratio of observed to predicted resistances in P. øustralis and T.
domingensls. The predicted resistance of. T. domingensis was made assuming a
number of smaller lacunae as opposed to a single large lacuna (see text for
details). Data for T. domingensls rhizome not available. Mean (SD), n=16 - 22.

Reynold's number
Leaflstem Rhizome

P. australis
T. domingensis

L7e.4 (10e.1)
1,.4 (0.9)

2359.s (2884.4)
4.0 x 10-8 (2.8 x 10-s)

Table 3.4: Mean values of Reynold's number in P. austrølls and T. domingensis.

Calculations were made assuming a pressure gradient of L00 Pa. Mean (SD),

n=1.6 - 22.



S cm
En ronment

River orrens
Bool Lagoon

Willunga wetlands
Water depth L5 cm

45 cm
55 cm
75 cm

P. austrølis T. domi ensis

.7) 1

125.L (2e.2)
285.2(32.7)
1e6.2 (1s.e)
205.6 (32.1)
23t.8 (27.4)

t425 (3.81)
277.6 (10.81)
17e.4 (17.3)
1e0.s (22.0)
206.3 (26.4)
237.2 (le.8)23e.7 (L6 .8)

Table 3.5: Stem/leaf lengths in P. austrølis and T. domingensls from a range of
environmental conditions lsee text for an explanation of the sites). Mean (SD),

n=10.

Environment Total number of
stemnodal

Torrens 8.9 0

Bool Lagoon
Willunga wetlands
Water depth L5 cm

45 cm
55 cm
75 cm

7.65 (0.7)
15.1.4 (2.r)
e.L (1..2)

e.s (0.e)
10.3 (1.0)

1.1)10.4 (

Table 3.6: Total number of nodal septa in P. øustrølis stems growing under
various environmental conditions (see text for an explanation of the sites).

Mean (SD), n=10.

Treatment Lac Total cross-
sectional area

cross-
sectional area

T. domi

cross-
sectional area

. p value
ensß P. øustralis

cfoss-
sectional area

distance from
tiP

environment
interaction

<0.0001

<0.0'1,47
0.L277

<0.000L <0.0001 <0.0001

<0.0009
0.0242

<0.0145
0.6849

<0.0001
0.3922

Table 3.7: Results of the analyses of variance tests performed on total and

lacunal cross-sectional areas of T. domingensls leaves and P. australis stems

from.a range of environments (see Figure 3.10a_ & 3.10b and Iigure 3.LLa &
g.IIb::; T. dõmingensis and P. øustrølls, respectively). Values in bold indicate a

significant influence of the treatment.



P value
Treatment Number of

lacunae
Mean cross-

sectional area
per lacunae

distance from
tiP

environment
interaction

<0.0001

<0.0001
0.0002

<0.0001

0.522L
0.0023

Table 3.8: Results of the analyses of variance tests performed on the number of
lacunae and the mean area per lacunae in T. domipgensis leaves from a range

of environments (see Figure 3.12 and Figure 3.1-3, respectively). Values in bold
indicate a significant influence of the treatment.

value
Treatment nsis P. ø

<0.000L <0.0001
tiP

environment
interaction

0.0640
0.0673

0.3225
0.6622

Table 3.9: Results of the analyses of variance tests performed on fractional
porosity of T. domingensls leaves and P. australis stems from a range _of
ènvironments (see Figure 3.14 and Figure 3.I5, T. domingensls and P. australis,
respectively). Values in bold indicate a significant influence of the treatment.

value
reatment P. aus

domingensis
distance from <0.000L 0.0147

tiP
environment

interaction

Table 3.L0: Results of the analyses of variance tests performed on resistance of T.

domingensls leaves and P. øustrøIis stems from a range of environments (see

FigurJ 3.16 and Figure 3.17, T. domingensls and P. øustralis, respectively).
Values in bold indicate a significant influence of the treatment.

0.1792
0.41,66

0.6042
0.7081



(MPa s m-3)

Treatment
tact

cut
sealed

P. øustrølis T. domi ts

4.149
s.606 (2.26)
s.613 (2.2e)

0.L48 (0.05)

0.t46 (0.0s)

Table 3.11: Values of resistance measured in T. domingensis and P. nustrøIis

under three treatments; 'intact', 'cut' and 'sealed'. Mean (SD), n= 5.



Chapter 4. Oxygen supply and rhizome extension in field grown Typhø

domingensis and Phrøgmites øustrølis

4.1 Introduction

The importance of rhizomes to the ecology of emergent macrophytes has been

emphasised in the past (Haslam, 1969; Fiala, L976; Dickerman and Wetzel, 1985;

Roberts, 1987; Weisner and Strand, 1996). Many emergent macrophytes rely on

vigorous vegetative reproduction to form dense, almost monosPecific stands.

Rhizomatous growth is also the primary mechanism for claiming nearby

territories. Moreover, rhizomes act as a depository for carbohydrates which are

mobilised during spring regrowth (Fiala, 1976; Jordan and Whigham, 1988;

Weisner and GranéIi,1989; Hocking, 1989). Flowever, the rhizomes and roots of

most emergent macrophytes grow in sediments which are anoxic and often

reducing. Under such conditions there is little or no free oxygen for use in

respiration by the below-ground parts of the plant. Plants must, therefore,

supply oxygen through the continuous and anastomosing aerenchyma

(Armstrong, L978; fustin and Armstrong, 1987; Koncalovâ,1990)-

Models have been developed to describe the characteristics of oxygen transport

within aquatic macrophytes, particularly within the roots (Sorrell, 1994; Sorrell

et aL, L994; Armstrong et al., 1996d). Such models suggest root length and, by

intimation, rhizome length, is dependent on the supply rate of oxygen, where

the development of a terminal shoot by a rhizome is preceded by a critical

deficit in the oxygen partial pressure at the rhizome terminus. Flence, with a

greater supply rate of oxygen, a plant may develop either longer roots and

rhizomes, or more shorter roots and rhizomes compared with a plants with a

low oxygen supply rate. As the supply rate of oxygen via diffusion is

proportional to the lacunal cross-sectional area, species which have small

lacunae in both the stem and rhizome should develop shorter rhizomes

compared with species which have large lacunal cross-sectional areas.



In addition to diffusion, species such as T. domingensls and P. austrøIls, have

the capacity for convective flow which can augment the supply of oxygen to the

below-ground parts of the plant. The path of convective flow in most emergent

and semi-emergent species is down young shoots, through the old rhizomes

and vented to the atmosphere via the older, more porous shoots (Dacey, 1980;

Armstrong and Armstrong, 1990; I99L; Sorrell et ø1., 1994; Tornbjerg et al., L994).

However, it is unknown whether convective fiow occurs through developing

rhizomes (eg, rhizomes which have yet to produce a terminal shoot or culm). If

the internal resistance of the developing rhizome is high, it is unlikely that

bulk flow will occur, and the supply of oxygen will be limited to diffusion as is

the case in roots (Armstrong, L979; Beckett et a1.,1988; Armstrong et aL, L994).

The experimental objectives were

1) To determine whether or not the internal resistance of developing rhizomes

would permit significant rates of convective flow, and

2\ To examine the relationship between rhizome length, rhizome biomass and

the calculated oxygen supply rate in a range of emergent macrophytes.

4.2Theory

For gaseous diffusion in the absence of bulk flow, the diffusive resistance of a

uniform capillary can be predicted using a derivative of Ohm's law:

R= L
DA

where R = diffusive resistance (s m-3)

L = length of the capillary (m)

(4.1)



D= diffusive coefficient for oxygen (L.95 x LO-s m2 5-1; Armstrong, 1979)

,4 = cross-sectional area through which gas can diffuse (m2)

The rate of oxygen flux can then be calculated from the resistance using an

analogue of Fick's Law:

(4.2)
R

d

where / = flux rate of 02 (mol s-1)

Llozl = oxygen gradient (mol m-a¡

Rd = diffusive resistance (s m-s¡

In calculations of the flux rate an oxygen concentration gradient of 8.335 mol m-

3 was assumed (eg, atmospheric concentration (set nominally at 9.37 mol m-3 or

21,%) minus the critical oxygen concentration (eg, the lowest oxygen

concentration required to support aerobic respiration - also known as the

Pasteur point) for plant roots (L.04 mol o1-3; Armstrong and Gaynard' 1976)).

4.3 Methods and materials

4.3.1 Species list

As the supply rate of oxygen by diffusion is primarily determined by the area

through which gas may travel (c/ Equation 4.1-), it was decided to conduct a

survey of a number of different species of aquatic macrophytes with varying

lacunal cross-sectional areas. The following species were included in the field

survey: T. domingensis, P. øustralis, Schoenoplectus Pungens (Vahl)Paltra,

Bolboschoenus caldwellii (V.Cook)Soják, Eleocharis øcutø R.Br., Baumea

arthrophylla (Nees)Boeck., B. ørticuløtø (R.Br.)S.T.Blake and B. juncen

Llo2l
I=



(R.Br.)Palla. All species except B. ørticulatawere collected from a small area of

Hacks Lagoon. B. nrticuløtø was collected from a single stand on the edge of the

western basin of Bool Lagoon. The occurrence of pressurisation has been

previously observed by others in T. domingensis,P. australis andB. articuløtø

(Armstrong and Armstrong, L991.; BÅx et al,, 1992; Bendix et al', 1994; Tornbjerg

et al., t9g4). Pressurisation was observed in all of the species in the field (data

not shown). Note: taxonomy after Black (1986)'

4.3.2 Field suraey

A field survey was conducted to determine whether the length of the rhizome

was related to the calculated rate of oxygen supply to the below-ground parts of

the plant. Where sediment is anoxic and reducing, the only avenue for the

transport of oxygen to the below-ground parts of the plant is via the shoot-

rhizome junction. Hence, the rate of oxygen flux could be calculated using

Equations 4.L and 4.2 and correlated with the observed rhizome length.

The survey was conducted at Bool Lagoon toward the end of the 1997 growing

season. Before harvesting began, the sediment redox potential at both of the

collection sites was measured at a depth of approximately 12 cm to establish

whether it was anoxic (eg, more negative than -100 mV). The material was

harvested from as close to 0 cm water depth as possible so as to avoid the

influence of inundation. Whole plants were harvested and the following

measurements made: total cross:s€ctional area, fractional porosity of the stem

and rhizome, resistance of the rhizome (see section 3.3.1'.2 for details on the

measurement of the cross-sectional aÍea, resistance and fractional porosity), and

the number, biomass and length of mature rhizomes (eg, the distance along a

rhizome between two shoots or culms which represents the maximum length

to which a rhizome'can grow).



4.3.3 Conaectiae flow aersus diffusion in deoeloping rhizomes

To determine whether convective flow would be a significant mechanism for

the transport of oxygen along the developing rhizome (eg, a rhizome which has

yet to develop a terminal shoot), the resistance to convective flow was

measured in developing rhizomes of all species. To measure the resistance,

rhizome apices measuring between 1.8 and 20 cm in length were connected by

non-expandable tubing to a peristaltic pump via a flow meter (range 0 - L2 mL

min-1; Sierra). The internal pressure was measured with an hypodermic needle

connected to a pressure meter (range 0 - 2000 Pa; Modus). The needle was

inserted into the tubing-rhizome junction a few millimetres from the cut end

of the rhizome. All connections were sealed with silicone gel. The tubing and

rhizome were submerged during the trials to prevent gas leakage. The values of

internal pressure and flow were correlated and the slope quantified as the

resistance to convection. Measurements were conducted on between four and

ten rhizome apices of each species.

4.3.4 Calculøtion of oxygen flux

For the sake of simplicity, it was assumed that convective flow would not

significantly influence the [Oz] in the buried portion of the leaf or stem (see

Discussion), and that the [Oz] within the stem or leaf at the sediment surface

was atmospheric. The resistance to the diffusion of oxygen was therefore

calculated to include both the length of the mature rhizome and the under-

ground portion of the stem or leaf.

4.3.5 Statisticøl anølysis

The data were analysed using two methods. The first method was a one-way

analysis of variance to determine whether there were differences between the

species. Regression analysis was also used to determine whether the resPonses



of the different species formed a continuum, and to determine the integrity of

the response across the species.

4.4 Results

4.4.1, Conaectiae flow 7)ersus diffusion in deaeloping rhizomes

In all species except T. domingensls the resistance to convective flow was

infinite (ie, there was no measurable rate of gas flow through the rhizome)

even when very short rhizome apices were used in the experiment. This

suggests diffusion would be the dominant transport mechanism of oxygen

along the rhizome. In T. domingensis, some gas flow was measured through

rhizome apices. The gas was expressed from the rhizome apices through

ebullition from beneath the bracts which cover most of the surface of the

developing rhizome. The internal pressure at which ebullition began ranged

from 695 to 872Pa - values comparable to the maximum Pressures observed in

this species in the field (Brix et øL, 1992; Bendix et al', 1994). Below these

pressures, no throughflow occurred. The resistance to convective flow ranged

from 289.9 to 786.0 MPa s m-a with a mean of 484.3 MPa s ,n-a (cf Chapter three).

For a pressure gradient of 100 Pa the average flow rate through these rhizomes

would be 2.06 x L0-7 m3 s-1. Moreover, when grown in sediment, it is unlikely

that ebullition would occur due to the mechanical resistance of the sediment.

Despite the potential for some degree of convective flow in T. domingensis, it

was concluded that diffusion would be the primary mechanism of gas transport

in rhizomes (see Armstrong et ø1.,1996d).



4.4,2 Field suraey

4.4.2.L P\ønt morphology, anatomy ønd diffusiue resistance

Different species produced different numbers of rhizomes Per shoot (p<0.0001).

Flowever, the relationship between number of rhizomes and calculated oxygen

flux was not significant (Figure 4.L) suggesting plants did not adopt the strategy

of trading-off the number of rhizomes and the length to which the individual

rhizomes might grow.

The lacunal cross-sectional area of both the leaf or stem and the rhizome

differed between species (p<0.0001; Table 4.1). This was reflected in the

differences in diffusive resistance between the species (p<0.000L; Table 4.2\.

Among the different species there were also differences in rhizome biomass

(p<0.0001; Table 4.3).

4.4.2.2 Cølculøted oxygen flux rates and rhizome length

Rhizome length ranged from 2.3 cm inE. acutøtoL24.5 cmin P. øustrølls. The

mean rhizome lengths differed among the species (p<0.0001; Table 4.4). The

calculated oxygen flux also varied between species (p<0.0001; Table 4'5)'

Rhizome length was linearly related to the calculated oxygen flux where an

increase in the oxygen flux resulted in an increased rhizome length (Figure 4.2).

The regression was significant (p<0.0001) demonstrating the supply rate of

oxygen was a limiting factor to growth of rhizomes. The regression line had a y-

axis intercept of 11.99. Hence, rhizomes of less than 1.L.99 cm aPPeared to be

independent of oxygen supply rate. The total biomass of the rhizome,

indicative of the respiratory demand for oxygen, was also found to be linearly

related with oxygen flux (Figure 4.3). The slope of the regression was 1.148

suggesting the oxygen consumption was approximately 1'.1'48 pmol Oz {1fwt h-

1. The y-axis intercept was close to zero (-0.934). All of the data points



conformed to the regression with none appearing to be independent of the

relationship unlike in the regression between rhizome length and oxygen

supply rate where short rhizomes appeared to be independent of the supply rate

of oxygen. The rhizome length and biomass were linearly correlated (Figure

4.4).

4.5 Discussion

The supply of oxygen through the developing rhizome will occur via diffusion

since the resistance to convective flow is too high to permit significant rates of

bulk flow through the organs. Indeed, in all species except T. domingensis the

resistance was infinite. Since all of the species are capable of pressurising, it is

likely that convective flow will travel down the shoot through the mature

rhizome to be vented out old, damaged shoots. This would influence the

aeration of the developing rhizomes by elevating the [Oz] at the rhizome-shoot

junction. In an attempt to evaluate the potential for such throughflow, the

resistance to convective flow was measured in the stems or leaves of all species

included in the study (data not shown). Mean estimates ranged from 0.354 MPa

s m-4 in P. øustralis to infinite resistance in B. juncea. As the values of

resistance formed a continuum amongst the species, it was not possible to

determine which would benefit from the aeration potential of convective flow

and which would not. Moreover, the mean length of the buried portion of the

stem or leaves was less than 5 cm in most of the species with only B. ørticulata,

P. øustralis andT. domingensls penetrating the sediment to greater depths

(mean depths of '1.L.9, 26.4 and 16.0 cm, respectively). As such, it was decided to

ignore the influence of convective flow on the oxygen flux, and assume that

diffusion was the primary mechanism for the transport of oxygen to the

developing rhizome. In species such as P. øustralls and T. domingensis, which

have the lowest resistances to convective flow, the throughflow of convection



would be high, and the values of oxygen flux will be higher than those

calculated.

Rhizome length and rhizome biomass were found to be dependent upon the

oxygen supply. The relationship formed a continuum across a number of

macrophyte species. Strictly, the rhizome length is not the factor which oxygen

supply will influence, but rhizome biomass since it is the biomass, indicative of

the demand for respiratory oxygen, which wilt be limited by an oxygen deficit.

This explains the higher regression coefficient of the regression relating

biomass and oxygen flux relative to the coefficient of the regression relating

rhizome length and oxygen flux. As the rhizome length and biomass were

linearly correlated, there was also an apparent relationship between rhizome

length and the supply rate of oxygen.

The regression relating oxygen flux and rhizome biomass suggested a

respiratory rate of ca L.L5 pmol g-1 fwt h-1, a rate comparable to values cited in

the literature (Table 4.6).In correlating the oxygen flux with rhizome biomass

(or rhizome length) it is imptied that only the rhizomes will utilise the oxygen.

The rate of respiration, however, does not take into account the biomass of the

roots - an organ with rates of respiration which are somewhat higher than that

of the rhizome (Smits et ø1., 1990). With the inclusion of the root biomass the

apparent rate of respiration would drop. Moreover, the amount of oxygen

consumed by the roots of different species will vary according to the relative

biomass of these organs. Inclusion of the root biomass would refine the

relationship between oxygen supply and below-ground biomass, and might

have implications for the partitioning of oxygen between the roots and

rhizomes of different species. A further complexity may be the oxygen lost to

the sediment through radial oxygen loss from the rhizome surface where the

rate of loss would be proportional to the surface area of the rhizome.

Permeability to oxygen has only been quantified for P. øustrølis which showed

little to no permeability due to the presence of lignin and perhaps suberin



(Armstrong and Armstrong, 1.988). In contrast to roots, rhizomes are not

directly involved with the uptake of resources from the sediment, and are

therefore not exposed to the phytotoxins harboured by the sediment. Hence, it

is unnecessary for the rhizome to aerate the rhizosphere for protection from

phytotoxins or for reasons of nutrient uptake. Having an epidermis

impermeable to oxygen would allow the rhizome to conserve the oxygen

available to it for respiration, and to grow to greater lengths. If it is assumed

that the rhizomes of the other species included in the study are also

impermeable to oxygen, then there are only two sinks for the available oxygen:

metabolism by the roots and rhizomes, and the radial oxygen loss via the roots.
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Lacunal cross-sectional area (mmz)
Rhizome Leaflstem n

B. arthrophyllø
B. ørticulata
B. juncea
E. acutø
P. øustrølis
S. pungens
T. domingensis
B. caldwellü

3s.8 (15.6)
217 (0.744)
1.13 (0.411)
7s.4 (s8.0)
1..73 (r.le)
32.2 (32.6)
4.4e (2.r0)

13.0 (L2.7)
41.5 (21.0)
0.17 (0.24e)
1..1e (0.2e4)
r3.4 (7.36)
6.40 (2.63)
L4.e (12.e)
11.1 (6.11)

(4.1,4) 6

12
8

1,1

19
1,4

32
20

Table 4.1: Lacunal cross-sectional areas of both rhizome and leaf or stem in a

range of emergent macrophytes. Mean (SD).

B, ørticuløta
B. juncea
E. øcutø
P. austrølis
S. pungens
T. domingensis
B. cøldwellii

17.65
200.5
514.5
15.19
482.5
42.87
129.6

(8.el-z)
(66.e7)
(1e2.5)
(1,4.69)
(388.3)
(47.5s)
(3e.38)

Table 4.2: Calculated values of total diffusive resistance (eg, diffusive resistance

for both the rhizome and the buried portion of the stem or leaf) in a range of
emergent macrophytes. Mean (SD).

-8. 

arthrophyllø 3.38 (3.85)

B. ørticulatn 16.2 (11'.5)

B. junceø 0.735 (0.333)

E. acutø 0.234 (0.0859)

P. australis 94.9 (25.6)

S. pungens 0.243 (0.173)

T. domingensis 89.6 (73.3)

B. cøIdwellii 1.50 (1.59)

Table 4.3: Rhizome biomass in a range of emergent macrophytes. Mean (SD).



(

. ørthrophy
B. articuløta
B. juncea
E. acutø
P. øustralis
S. pungens
T. domingensis
B. cøldwellii

12.3
2s.3 (e.46)
e.8o (3.7e)
2.8e (0.377)
81.s (28.3)

3.e0 (1.s7)
27.6 (8.2e)
1e.4 (6.e5)

Table 4.4: Rhizome length in a range of emergent macrophytes. Mean (SD).

B. arthrophy
B. articulata
B. juncea
E. øcuta
P. øustrølis
S. pungens
T. domingensis
B. caldwellii

ux
2.22
20.2 (8.78)
1.56 (0.41e)

0.638 (0.232)
44.6 (34.L)

0.e73 (0.676)
18.1 (18.4)
2.s3 (1.18)

Table 4.5: Calculated oxygen flux in a range of emergent macrophytes. Mean
(SD).

Species Rate ot oxygen Author
consumption

1 fwt h-t
P. øustra a uer,

I
1

P. australis
P. australis
Acorus calømus
S. Iacustris
T. latifoliø
lris pseudøcorus
I. germønica
S. løcustris

3.89
ca'1..87
ca'1..58
cø t.65
ca 1.93
cn'1..36
ca 1..08

t.7l

Yamasaki,1987
Monk et aL, \984
Monk et al., L984
Monk et a1.,1984
Monk et al., L984
Monk et a1.,1984
Monk et ø1., L984

Monk and Brändle, L98L

Table 4.6: Values of the rate of oxygen consumption by the rhizomes of various
emergent macrophytes cited in the literature. )
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Chapter 5. Convective flow and extension of the below-ground organs in

Typhø domingensis and Phtøgmites øustuølis

5.1. Introduction

Both experimental findings (c/ Chapter four) and mathematical models (c/

Sorrell, L994; Sorrell et aL, T994; Armstrong et al', 1996e) suggest that the

fecundity of the below-ground parts of the plant is dependent on the supply rate

of oxygen. While convective flow has been demonstrated in a number of

species (Dacey, 1981.; Armstrong and Armstrong, 1990; 1991'; BÅx et øl', 1992;

Tornbjerg et øL, 1994; Bendix et al., t994; Sorrell and Boon,1994; Kohl et al',

tgg6), it is unclear how the extension of the rhizome and root is influenced by

convective flow. Plants equipped with the capacity for convective flow are able

to augment the rate of oxygen supply to the below-ground portions of the plant

(Dacey, 1981); in some cases convection can increase the rate of oxygen supply by

as much as 25 times (Armstrong and Armstrong, 1990). As such, species of

aquatic macrophytes equipped with the capacity for convective flow should

have either more or longer roots and rhizomes comPared with other species

growing under similar conditions.

The path of convective flow in most emergent and semi-emergent species is

down young shoots, through the old rhizomes and vented to the atmosphere

via the older, more porous shoots ( Dacey, 1980; Armstrong and Armstrong,

1988; Tornbjerg et ø1., 1994; Sorrell et ø1., 1994). As the internal resistance of

developing rhizome is too high to permit convective flow (c/ Chapter four),

transport of oxygen is limited to diffusion as is the case with roots (Armstrong,

t979; Arrnstrong et al., 1,994). Under these circumstances it would be

advantageous for the plant to maintain the oxygen concentration at the shoot-

rhizome junction as close to atmospheric as possible. In plants that can

pressurise, and which have low resistances, this could be achieved by

convective flow (Brix, 1988; Armstrong and Armstrong, 1990). Plants without



the capacity for convection, whether lacking the ability for pressurisation or

having high resistances, must rely on diffusion. Moreover, as the water depth

in which plants are growing is increased, so too is the length of the submerged

portion of the leaf or stem through which either convection or diffusion must

work. As oxygen will be consumed along the pathway of gas transport (see

Dacey t98T; Dacey and Klug 1982; Brix L988; Sorrell et øL,1994), this will result

in a d,ecrease in the amount of oxygen available at the rhizome-shoot junction.

Thus, with increasing water depth the difference in the oxygen supply rate by

convective flow versus diffusion will become more disparate leading to gross

differences in the fecundity of the below-ground organs.

The development and support of roots is dependent upon an adequate supply

of oxygen. However, the availability of oxygen within the roots is not simply a

function of the delivery rate since oxygen will move radially out of the roots

into the rhizosphere (Armstrong, 1967; Sorrell and Dromgoole, 1'987;

Armstrong et aL, 1990; Armstrong et ø1., 1992; Sorrell et al., 1993; Sorrell and

Armstrong, \994). The oxygen flux to the rhizosphere will be dependent on the

relative sink strengths of the root versus the rhizosphere (Sorrell et ø1., L993;

Sorrell and Armstrong, 1994). Where the oxygen demand of the sediment is

high, more of the available oxygen witl be sequestered by the sediment at the

expense of the roots. If root extension is dependent on the availability of

oxygen, then root length will decrease as the sink strength (eg, reducing

capacity) of the sediment increases. Moreover, convection enhances the oxygen

concentration both at the base of the root (Sorrell, 1994) and within the root

(Armstrong and Armstrong, 1990). Flence, plants in which convection occurs

should have longer roots at any given sediment redox potential compared with

plants that lack the ability for convective flow.

The rate of radial oxygen loss from the roots of aquatic plants has been

experimentally quantified in the past (Armstrong, 1964; Armstrong, 1967;

Armstrong, 1971,; Sorrell and Dromgoole, 1987; Laan et ø1., 1989; Armstrong eú



al,, 1990; Bedford et al., 7991.; Sorrell et al., 1993; Sorrell and Armstrong, 1994;

Youssef and Saenger, 1996; Jespersen et ø1., 1998). The significance of radial

oxygen loss may be exemplified with the observations of Sorrell et aI' (1994)

who showed that while the oxygen budget o1 E. sphøceløta plants could sustain

root lengths of greater than 70 cm, in the field root lengths were generally less

than 30 cm. It was suggested there was a trade-off between root length and the

potential for radial oxygen loss to the sediment with the plant opting to allocate

a greater proportion of the available oxygen to radial oxygen loss and a smaller

amount to supporting root extension. The primary benefit of radial oxygen loss

is thought to be the de-toxification of phytotoxins (eg, heavy metals, sulphides

and compounds which are present in abundance such as iron), the uptake of

which would be deleterious to the plant (Armstrong, 1979; Carpenter and

Lodge, 1986; Armstrong et ø1., t996c; Fürtig et øI', 1996). De-toxification may

occur in two ways: I) by decreasing the availability of nutrients such as iron,

phosphorus and manganese by decreasing the solubility, or through

precipitation and/or binding (Lynn and Bonalti, 1965; Tessenow and Baynes,

1975; Jaynes and Carpenter, 1,986; Christensen, 1997; Christensen et ø1,, 1997),

and II) by creating a plaque of iron oxide and various other hydroxides on the

root surface which acts to impede the movement of soluble comPounds into

the root (Laan et a1.,1989; Gries et al., t990; Christensen and Wigand, 1998). On

the other hand, radial oxygen loss provides aerobic sites within the sediment

which allows for the breakdown and cycling of a number of other minerals,

particularly nitrogen, which might otherwise be limiting to the plant (Delaune

et al., L984; Reddy et øL, 1989; Laan et al., L989). Radial oxygen loss, therefore,

may have an important role in the mineral nutrition of the plant.

Both mathematical models and laboratory experiments suggest that the luxury

supply rates afforded by convective flow results in an increased radial oxygen

loss from the roots to the rhizosphere (Armstrong and Armstrong,1990; Sorrell

et al., L993; Sorrell, 1994). As a consequence, convective flow, through radial

oxygen loss, has the potential to decrease the availability of most nutrients (eg,



(-hanfer 5 flnr,r¡ and root/ pvfension q7

iron, phosphorus and manganese) whilst making nitrogen more available. To

investigate the affect of convective flow on the fecundity of the below-ground

parts and the nutrient content of plants, a method was needed which curtailed

convective flow without disrupting other plant Processes. The method

evaluated and used here was to pierce emergent leaves or stems with an

hypodermic needle to prevent plants developing significant internal pressures.

The experimental objectives were:

L) To evaluate the facility of leaf piercing as a technique to curtail internal

pressurisation and convective flow in experimental plants,

2) To quantify the morphological and anatomical changes of intact and pierced

plants of T. domingensis and P. australis in response to water depth with

respect to the capacity for oxygen transport,

3) To compare the lengths of rhizomes developed by intact and pierced plants

grown over a water depth gradient inT, domingensis and P. austrølis,

4) To quantify the morphological and anatomical changes of intact and pierced

plants of T. domingensis in response to sediment redox potential with respect

to the capacity for oxygen transport,

5) To compare the length of roots developed by intact and pierced T

domingensls plants grown over a gradient of sediment redox potential, and

6) To compare and contrast the tissue nutrient contents of intact and pierced T.

domingensls plants.



5.2 Methods and materials

5.2.L Leaf piercing as a technique

A pilot study was conducted to evaluate leaf piercing as a technique to curtail

pressurisation and convective flow. A T. domingensis ramet was brought into

the laboratory. The ramet had four shoots, each with approximately eight

leaves. The internal pressure of leaf number three on one shoot was measured

using a pressure meter (range 0 - 2000 Pa; Modus) connected to an hypodermic

needle. The hypodermic needle was inserted into the leaf lacunae

approximately half way along the leaf and sealed in place with silicone gel. The

rate of convective flow along the same leaf was measured. To do this, the leaf

was cut a few centimetres below the point at which the hypodermic was

inserted, and the two cut ends of the leaf were connected to a flow meter (range

0 - IZ mL min-1; Sierra) using silicone tubing (see Sorrell and Boon, L994; Kohl

et ø1., Igg6).In this way all convective flow from the top part of the leaf would

travel through the flow meter and back into the lower part of the leaf. The leaf-

tubing connection was sealed against gas leakage with silicone gel. The internal

pressure and rate of convection was logged over 30 second intervals using a

Squirrel Datalogger. After L0 minutes of logging all of the leaves of the plant

were pierced approximately two-thirds up the length of the leaf. Thereafter,

logging was continued for a further ten minutes.

Another ramet was used to investigate whether plants were able to re-institute

internal pressurisation by developing calluses within a seven day period. The

internal pressure was measured in the same way as with the previous

experiment. Convective flow was not measured. The internal pressure was

measured for 30 minutes then all the leaves of the plant were pierced. The

internal pressure was logged for the following seven days.



5.2.2 Rhizotne length and conaectiae flow

Shoots of T. domingensls were collected from a natural creek in Willunga,

South Australia, near the Willunga wetlands. Prior to planting, the rhizomes

were trimmed leaving ca 2 cm of rhizome on each shoot. Shoots were grown in

perspex chambers with dimensions large enough not to hinder rhizome

growth (60 x 60 x 55 cm). The chambers,24 in total, were filled with sandy loam.

The loam was topped with a 10 cm layer of clay to impede the diffusion of

oxygen into the sediment. Nutrients were added to the potting medium in the

form of Osmocote slow-release fertiliser at a loading rate equivalent to L00 g N

^-, y-7. As in previous pond experiments, the Osmocote was 70"/o Osmocote

and 30% Osmocote Plus to ensure an adequate supply of micronutrients. Two

shoots were planted in each chamber. The plants were allowed a four week

establishment period during which the sediment was kept saturated but not

flooded. Initial measurement of the redox potential showed all sediments were

more negative than -150 mV. After four weeks all plants had leaves long

enough to ensure a portion of the leaf would be above the water surface when

the flooding regime was imPosed.

After the establishment period, the experimental treatments (water depth and

leaf piercing) were imposed, and the experiment was run for a further l-8 weeks

over the Lgg6-97 growing season. Four water depths were used: 5, 25,45 and 65

cm. To curtail pressurisation and convective flow every leaf of each plant in

the treatment group was pierced with an hypodermic needle above the water

surface. This was done twice weekly for the length of the experiment. It was

done this frequently to prevent leaves forming calluses, thereby re-instituting

internal pressurisation, and to ensure that newly recruited leaves would be

unable to pressurise. In addition, the internal pressure of a leaf from two plants

(one pierced and one control plant chosen at random) was measured twice

weekly (on the same day as the leaf piercing was done). The measurements of

internal pressure were taken during the midday hours when solar irradiance



was highest. Once the pressure was recorded, the needle was removed and the

hole sealed with non-toxic silicone gel. Measurements of the internal Pressure

of plants were taken before the leaves were pierced so that if any of the pierced

leaves had developed calluses, and there had been a Pressure build-up, it would

be apparent. No measurements of convection were made in the pond

experiment as the method is destructive.

At the conclusion of the experiment the plants were harvested and the

following parameters measured: length of all the mature rhizomes (ie,

rhizomes which have developed a terminal shoot), the number of shoots per

plant and the length of leaf number three of each shoot. Two samples of

rhizome and leaf were taken from each ramet. The leaf samples were taken

from leaf number three near the base of the leaf just above the leaf sheath. The

fractional porosity, cross-sectional area and internal resistance to bulk flow of

each sample were measured as outlined in section 3.3.1'.2. To ascertain the

biomass allocation, the plants were divided into root, rhizome and shoot, dried

at70"C for t4 days, then weighed.

The same experiment was conducted using shoots of P. australis collected from

Bool Lagoon. The experiment was conducted during t}rre L997-98 growing

season.

5.2.3 Root surføce øren tssaY

An assay for determining root surface area was developed similar to the

gravimetric technique introduced by Carley and Watson (1,966). Excised plant

roots were blotted, weighed, then dipped into a L mol Polyethylene Glycol (PEG)

solution (specific density = 1'J.40 kg m-a) and the excess allowed to drip from the

roots. The roots were then re-weighed. The surface area of the roots was

manually measured under a dissecting microscoPe. The relationship between



the two independent measurements of surface afea was assessed

regression analysis.

5.2.4 Root length, surface areø and anøtomy in T. domingensis

To investigate the influence of convective flow on the root characteristics a

pond experiment was conducted over the L997-98 growing season using T.

domingensis shoots collected from a natural creek in Willunga, South

Australia. Plants were grown in Nallee containers (36 x 55 x 45 cm) and

inundated to a depth of 30 cm. Three sediments were used: sandy loam, clay

collected from the River Torrens, and a 50:50 mixture of the two sediments.

The depth of sediment was ca 40 cm. Nutrients were supplied as per the

previous pond experiment at a loading rate equivalent to 100 I N m-2 y-1. There

were six Nallee containers for each sediment treatment, each containing two

shoots. The plants were allowed a four week establishment period before leaf

piercing commenced. The redox potential of each Nallee container was

measured each week throughout the eleven week experimental period. Three

measurements were made in each Nallee container in a region of the sediment

away from the plant at a depth of approximately L2 cm. Redox values were not

pH corrected.

At the conclusion of the experiment the plants were harvested and two shoots

(eg, daughter shoot and attached rhizome) from each ramet were selected at

random on which measurements were made. In addition to the measurements

made in the previous experiment (see section 5.2.2), the length, total cross-

sectional aÍea, surface area and fractional porosity of roots was also measured.

The length of all roots on each shoot was measured. The root length and

surface area was measured in a subsample of 40 randomly selected roots per

shoot. Root total cross-sectional area and fractional porosity was measured on a

subsample of ten roots from each shoot. To ascertain the biomass allocation, the



plants were divided into root, rhizome and shoot, dried at 7l.C for "l'4 days,

then weighed.

5.2.5 Nutrient analysis

After the dry weight biomass and allocation had been determined, plant

material grown in the sand treatment was used for nutrient analysis. The

various tissues (shoot, root and rhizome) were analysed for total nitrogen using

Complete Combustion Gas Chromatography (CCGC), and for a range of other

elements using Inductively Coupled Plasma-Atomic Emission Spectrometry

(ICp-AES)(Waite Analytical Services). For the ICP-AES a minimum of 3 g of dry

material was required. In some of the replicates the rhizome material weighed

less than this. Hence, some of the material from different replicates was

combined to give the minimum amount of dry material required for the

analysis. This reduced the number of replicates for rhizome samples from

twelve to four

5.2.6 Støtisticøl ønalYsis

With the exception of the nutrient content, data from pond experiments were

analysed using a two-way analysis of variance. Nutrient data was analysed

using a one-way analysis of variance.

5.3 Results

5.J.1- The influence of leaf piercing on internnl pressure ønd røtes of conaectiae

flow in T. domingensis

The T. domingensis leaf had an internal pressure of between 66 and 77 Pa and a

flow rate of between 3.48 and 3.97 mL min-1 which were maintained for 10



minutes (Figure 5.1). As soon as the leaves of the plant were pierced the

internal pressure and rate of convective flow dropped to zero for the following

L0 minutes.

To establish the long-term effect of leaf piercing, the internal pressure of an

additional shoot was measured before and after piercing. The initial mean

dynamic pressure was 97 Pa, but after the leaves were pierced this dropped to

zero. The mean dynamic pressure over the following seven days was 0.3 Pa.

These pilot experiments indicated that pierced leaves immediately lost the

ability to pressurise. Over the longer term there was no evidence the plant was

able to re-institute pressurisation. It was concluded that leaf piercing curtailed

both pressurisation and convective flow for at least seven days.

5.3.2 The influence tf conaectiae flow

morphology

rhizome length, anatomy andon

5.3.2.1. Internal pressures of pond çroutn plønts

The mean internal pressure in intact plants was 174.0 Pa (n=36, SD=28) for T'

ilomingensls and L62.7 Pa (n=36, SD=33) for P. øustralis suggesting a significant

rate of convective flow was occurring in both (c/ Figure 5.L). Hence, convective

flow should dominate the transport of gas within the shoot. In pierced plants

the mean internal pressure was 0.2 Pa (n=36, SD=1.3) in T. domingensis and 0.2

pa (n=36, SD=0.7) in P. australis. No measurements were made of rates of

convective flow but, as demonstrated by the pilot study, there would be a

concomitant drop in the rate of convection as the internal Pressure dropped.

Rates of convection would, therefore, have been insignificant in pierced plants,

and diffusion would have been the dominant process of Saseous transport in

the leaves or stem as well as in blind rhizomes (c/ Chapter four).



5.3.2.2 Totøl biomøss and biomøss allocation

The total biomass and biomass allocation of T. domingensls and P. australis is

presented in Table 5.1a & b (intact and pierced, respectively) and 5.2a & b (intact

and pierced, respectively). The biomass, total and allocation, did not respond to

water depth or leaf piercing (Table 5.3a and Table 5.3b; T. domingensls and P.

australis, respectivelY)'

5.3.2.3 Morphotogy and ønatomy of plants ouer a wøter depth gradient

Longer leaves or stems were produced by plants subject to greater water depths

(Figure 5.2; Table 5.4). There was no influence of leaf piercing on the stem

length of P. australis, but there was an influence inT. domingensis with intact

plants having longer leaves.

InT. domingensis, the total and lacunal cross-sectional area of both the leaves

and rhizomes increased with water depth (Figure 5.3a and Figure 5.3b; total and

lacunal cross-sectional area, respectively; Table 5.5a and Table 5.5b) suggesting

the plants were anatomically adapting. There was no influence of leaf piercing.

In contrast, P. australis stems and rhizomes did not respond to water depth

(Figure 5.4a and Figure 5.4b; total and lacunal cross-Sectional atea, respectively;

Table 5.6a and Table 5.6b).

The lacunal cross-sectional area was used to predict the diffusive resistance

using Equation 4.L. Values of diffusive resistance per unit length confirmed

that T. domingensis adapted anatomically, showing that as water depth

increased diffusive resistances in the leaves and rhizomes decreased (Figure 5.5;

Table 5.7). No such trend was noted in P. øustrølls (Figure 5.6;Table 5.7)'

As with the diffusive resistance, there was a decrease in the resistance to

convective flow in the leaves of T. domingensls with increasing water depth



(Figure 5.7; Table 5.8). In P. australls, the resistance to convective flow did

respond to water depth (Figure 5.8; Table 5.8).

Overall, there was a trend in T. domingensls to decrease resistances (to either

diffusion or convective flow) which would have permitted a higher rate of gas

transport within the plants growing in deeper water. P. austrølls, on the other

hand, failed to evince any morphological adaptation to water depth. A

comparison of the two species would suggest that T. domingensls is more able

to withstand inundation than is P. austrølls. No differences were observed in

the resistance (to convection or diffusion) or lacunal cross-sectional area of the

rhizomes or leaves between the pierced and intact treatments. This suggests the

plants were not adapting to the presence or absence of convective flow per se,

but some other factor associated with inundation'

5.3.2.4 The influence of conaectiae flow ønd wøter depth on rhizome length

pierced plants had shorter rhizome lengths compared with intact plants (Figure

5.9 and Figure 5.10, T. domingensls and P. øustralls, respectively; Table 5.9), a

difference which can be attributed to the affect of leaf piercing on convective

flow. In intact T. domingensls, the rhizome length increased with increasing

inundation. There was no concomitant change in the rhizome length of

pierced plants over the water depth gradient. Flence, as water depth increased,

so too did the degree of difference between the mean rhizome length of intact

versus pierced plants; at 5 cm depth rhizomes of intact plants were 24"/" longer

compared to the pierced plants, whilst at 65 cm depth the difference had

increased to 43%. In P. øustrølis, there was no change in the length of the

rhizome over the water depth gradient; the increase in the mean rhizome

length between pierced and intact plants was 46"/o'

In T. domingensls there was no effect of leaf piercing or water depth on the

number of rhizomes per shoot; the mean number of rhizomes Per shoot was



0.25 (SD=0.2)(data not shown). Since the number of rhizomes per shoot did not

change between the different treatments, the difference in rhizome lengths

cannot be attributed to differences in the number of rhizomes each shoot must

support. In P. austrølis, the number of rhizomes per shoot decreased with

increasing water depth from L.02 to 0.57 (Figure 5.1,1). As the maximum

number of rhizomes developed by a shoot was aPProximately one, the plants

did not adopt a strategy to conserve a limiting fesource (eg, oxygen) by

partitioning it between fewer rhizomes'

In a number of the pierce d T. domingensis plants it was observed that the apex

of the rhizome had rotted before producing a terminal shoot. Rhizome

abortion was observed in 14 out of L63 rhizomes in the pierced treatment. No

rhizome abortion occurred in the control plants, nor was rhizome abortion

noted in any of the P. austrøIis.

5.3,2.5 Calculøtion of totøl diffusiae resistønces

The diffusive resistances were calculated for the pierced plants (leaf/stem plus

rhizome) and intact plants (just rhizome). The diffusive flux of oxygen was not

calculated since the [Oz] at the shoot-rhizome junction was not known and

cannot be assumed to be atmospheric in all cases, especially for intact plants (see

Brix, 19SS). Also, for the sake of simplicity, the calculations were made

assuming only one above-ground organ through which oxygen could travel

where in fact oxygen is going to travel through all of the leaves or stems.

Resistances were found to be higher for pierced plants compared with intact

plants (Figure 5.1,2 and Figure 5.1.3; T. domingensls and P. øustrøIis,

respectively) owing to the increased pathlength the submerged portion of the

stem or leaf represents. Furthermore, increasing water depth led to an increase

in the diffusive resistances in pierced plants. This was despite the anatomical

changes associated with water depth which acted to decrease the resistance per

unit length in T. domingensls. There was no change in the total diffusive



resistance of T. domingensls intact plants over the water depth gradient - the

anatomical changes compensated for the change in pathlength. Whilst there

was a response in the total diffusive resistance of pierced P. øustralls plants to

water depth, this can be mainly attributed to the aberrant values for plants

growing at 5 cm which had much higher values compared with plants from

other depths. The total diffusive resistances were generally larger inP. austrølis

than in T. domingensls due to the smaller lacunal cross-sectional areas of

plants when grown under pond conditions.

5.3.3 The influence of conaectiae flow on root ønatomy, morphology and

length ln T. domingensis

5.3.3.1 Root surface ørea øssøY

The amount of PEG taken up by the roots and the manually observed values of

root surface area were linearly related (Figure 5.14). The regression had a

coefficient of 0.9673 and intercepted the y-axis near zero (-0.09). These results

suggested the technique could be adopted to estimate root surface area in

experimental plants.

5.3.3.2 Internal pressures of pond Srown plønts

The mean internal pressure in intact plants was 1,28.5 Pa (n=22, SD=20.9)

suggesting a significant rate of convective flow was occurring (c/ Figure 5.1).

Flence, convective flow should dominate the transport of gas within the shoot.

In pierced plants the mean internal Pressure was 0.5 Pa (n=22, SD=1.5)

suggesting there was little or no convection occurring within the pierced plants.



5.3.3.3 Sediment redox PotentiøI

The redox potential of each of the sediment treatments was found to be

different. Leaf piercing had no influence on redox potential (Table 5.10) despite

the fact that intact plants were likely to have higher rates of radial oxygen loss

(Armstrong and Armstrong, 1990). However, measurements of redox potential

were taken in the bulk sediment away from the roots and rhizomes and plants.

Any changes effected by radial oxygen loss may not have been detected unless

measurements were taken in the vicinity of the below-ground parts of the

plant.

In each of the sediment treatments the redox potential fluctuated over the

experimental period (Figure 5.15). The fluctuations showed no pattern, and

each of the sediment types showed similar changes.

5.3.3.4 Plant performønce

The total biomass and the biomass allocation of the various plant parts (root,

shoot, rhizome) showed no differences between pierced and intact plants (Table

5.li.a and 5.L1b, intact and pierced, respectively; see Table 5.L2 for results of the

statistical analysis). Plants responded to the sediment treatment with plants

growing in clay having the highest total biomass and allocation. Moreover, the

percentage allocation of biomass to the roots changed between the different

sediments (Table 5.13). The highest percentage allocation was found in plants

growing in sand. This suggests that, despite the addition of fertiliser, there was

some degree of nutrient limitation, a limitation most apparent in sand.

Other indicators of plant performance, including number of shoots per ramet

and number of rhizomes per ramet, displayed the same trend as did the

biomass (Table 5.14). In all cases there was no effect of leaf piercing, but there



were differences between values for plants growing in different sediments

(Table 5.15).

5.3.3.5 Plant anatomy and morphology

The total cross-sectional area of roots did not differ between the pierced and

intact treatments (p=Q.7671), but did vary across the sediment treatments

(p<0.0001) with the largest root cross-sectional area being found in plants

growing in the clay and mixture sediments and the smallest in the sandy

sediment (Figure 5.16). The fractional porosity of roots did not respond to any

treatment with a mean value of 94.02% (SD=1.9). This suggests that lacunal

cross-sectional area would respond to the various treatments in analogue to the

total cross-sectional area. As with root total cross-sectional area, the lacunal

cross-sectional area of both the leaves (Figure 5.L7) and rhizomes (Figure 5.18)

varied amongst the sediment types (p<0.0001) with the largest values found in

plants growing in the clay sediment. The fractional porosity of leaves and

rhizomes did not respond to any treatmen! the mean fractional porosity was

5g.47% (SD=8.7) for leaves and 56.22% (SD=6.7) lor rhizomes (c/ Gries et al.,

1990). These data suggest the plant adapted morphologically to the type of

sediment. The adaptation may have been in response to a nutrient gradient, but

the out-come was an improvement in the capacity for aeration of the below-

ground parts in sediments of lower redox potential.

The number of roots per shoot was not influenced by leaf piercing or sediment

type (Table 5.1,6); the mean number of roots per shoot was l-38.08 (SD=30.5).

Root length responded to both sediment type and leaf piercìng figur e 5.I9;

Table 5.16). Leaf piercing had a significant influence on root surface area whilst

sediment type did not alter root surface area (Figure 5.20;TabIe 5.1.6).

From the perspective of the oxygen status of the sediment, there should only be

two treatments: oxic (represented by the sand sediment) and anoxic/reducing



(encompassing the remaining two sediment types). Therefore, the values of

root surface area and root length should not show any significant differences

between the clay and mixture sediment treatments. Comparison of the data for

the clay and mixture sediment types with a one-way analysis of variance

showed no differences in either root surface area or root length (Table 5.t7).

This contrasts with broader indicators of plant performance (number of shoots

per ramet, total biomass and biomass allocation) which showed significant

differences between values of plants growing in clay and mixture sediment

types (Table 5.17).

During the course of the experimental period it was observed that a number of

plants growing in the clay sediment developed roots above the sediment

surface. Relative to the root mass of each ramet, however, the amount of root

tissue growing into the water column was negligibte. As such, the allocation of

these roots was not quantified. Plants growing in sand and mixture sediments

had no roots growing above the sediment surface.

5.3.3.6 Nutrient ønalYsis

The nutrient content per unit dry-weight and total content varied between the

various tissue types (Table 5.18 and Table 5.19 - analysis not shown). With the

exception of molybdate, no differences were observed in the nutrient content -

either total or per unit mass - between pierced and intact plants (Table 5.20 and

Table 5.2L). This suggests convective flow had no influence on the uptake of

nutrients at least when plants ate supplied with non-limiting nutrient

loadings.

At the time of harvest, no iron plaques were observed on the rhizomes or roots

of any of the plants. The absence of any plaques, typical of natural plants, may

have confounded any differences in nutrient content expected between pierced

and intact plants.



5.4 Discussion

5.4.1 Conaectiae flow and rhizome fecundity

The primary stress applied through inundation is the reduction in oxygen

availability. As such, it could be expected that plants will adapt anatomically to

increase the capacity for the supply of oxygen through the lacunae. This

occurred in T. domingensis where, through changes in the dimensions of the

lacunae, the resistance to both bulk flow and the diffusion of oxygen declined

with increasing water depth. P. austrølis, on the other hand, failed to evince any

anatomical adaptation in response to water depth. This differential response by

the two species was in concert with the rhizome lengths where the rhizome

length of intact T. domingensis plants increased with water depth presumably

due to the increased capacity for oxygen transport. The rhizomes of intact P'

austrnlis plants, on the other hand, maintained a constant length over the

water depth gradient. From an ecological perspective, the reason for the

increase in rhizome length in T. domingensls is unclear. Clonal theory, which

is based primarily on the response patterns of terrestrial species, would suggest

the plants were trying to escape an unfavourable patch; such foraging

behaviour is thought to occur in response to low resource availability

(Sutherland,'and Stillman, 1988). It is possible the plants were trying to prevent

shoot competition for light by distancing themselves spatially despite having a

clonal strategy for consolidation growth (de Kroon and Schieving, 1990). In a

study of the clonal dynamics of T. latiþliø, it was found the plants grew at a

density below the boundary of self-thinning (Mook and van der Torn, L982;

Dickerman and wetzel, 1985). Rhizome length plasticity might be the

mechanism that mediates density, which, as noted by Grace (1989), decreases

with increasing water depth. If this is the case, and the plants were attempting

to avoid potential competition as opposed to responding to the supply rate of

oxygen, it should not be surprising that both intact and pierced plants

responded anatomically to the same degree along the water depth gradient. In



contrast, P, austrølls, did not moderate rhizome length over the water depth

gradient. However, as the rhizomes are so long in comparison with those of T.

domingensis, it may be that even when partially flooded there is little or no

shoot competition. P. australis, therefore, may have no need to moderate shoot

density by altering rhizome length.

In both species there was an increase in the total diffusive resistances in pierced

plants. In T. domingensls, this was despite the anatomical changes associated

with water depth which acted to decrease the resistance per unit length. There

was no significant change in the total diffusive resistance of intact plants over

the water depth gradient in either species. The difference between the pierced

and intact values of total diffusive resistance increased from -0.L8 to 14.41 Ms

m-3 in T. domingensls, and 0.42to 12.1,0 Ms m-3 inP. australis over the water

depth gradient - the difference being proportional to the pathlength of the

submerged portion of the leaf or stem through which diffusion must occur. As

any increase in diffusive resistance will result in a decreased oxygen partial

pressure at the rhizome terminus, this is in agreement with the notion that the

major effect of convection is to maintain high partial Pressures of oxygen at the

basal region of the rhizome (Brix, t988; Sorrell et al., 1994). Thus convection has

the dual effect of decreasing the pathlength over which diffusion must occur/

and to maintain a steeper oxygen gradient across the rhizome-shoot junction;

both factors serving to increase the oxygen supply rate to the rhizome. This

overcomes the problem of oxygen transport associated with a deep water

column. Indeed, the link between the capacity for convection and the ability to

colonise deep water has already been noted (Brix et a1.,1992).

At all depths intact plants of both T. domingensis and P. øustralls were able to

develop longer rhizomes compared with pierced plants. Such an increase in the

capacity for rhizome extension should result in an increase in the potential for

habitat exploration and exploitation through increasing ramet mobility.

Flowever, both species tend to maintain dense, often well demarcated



populations, the boundaries of which do not change overly much between

growing seasons. This observation has led to both P. austrølis and species of

Typha being classified as 'consolidation' type growth habit (de Kroon and

Schieving, Lgg}). Nonetheless, many of the species capable of pressurisation

and convective flow rely heavily on vegetative forms of reproduction as

opposed to sexual reproduction. At first this might seem incongruous

considering the rhizome is a portion of the plant likely to suffer from the effects

of living in an anoxic sediment. Intuitively, one would expect the plants would

try to minimise the amount of rhizome to decrease the potential for oxygen

deficiency. The increase in aeration of the below-ground parts afforded by

convective flow might be part of the explanation for the success of rhizomatous

reproduction in many aquatic macrophytes which are capable of pressurisation.

Comparative literature on rhizome length in either of the species under

consideration is scarce. One observation was made by Weisner and Strand

(1996) who found that field-grown P. australis responded to increasing

inundation by decreasing the length of both the rhizome and the 'O2 transport

distance' (a value encompassing the length of the rhizome and the length of

the inundated portion of the terminal and proximal shoot). This finding

contrasts that of the present study where rhizome length in P. austrølis was

static over the water depth gradient. Such a decrease in rhizome length would

indicate a reduction in the aeration capacity of the below-ground parts possibly

due to a decrease in the lacunal cross-sectional area of the rhizome or stem. The

main d.ifference between the conditions experienced by the pond grown plants

and those sampled in the field by Weisner and Strand (L996) is the water

regime; while the water level is static in the ponds, it is variable in the field

with a maximum range of approximately LLO cm (Weisner and Strand, L996).It

has been shown that plant performance is more strictly related to the water

regime than the water depth alone (Hultgren, 1988; Rea, \992; Rea and Ganf,

I994a).It is possible that plant anatomy (eg, lacunal cross-sectional area) is also

more directly related to water regime than to water depth'



5.4.2 Conaectir¡e flow ønd root fecundity

In response to sediment redox potential T. domingensis altered its anatomy so

as to increase the capacity for the supply of oxygen. The resPonse was evident in

all of the conductive tissues: leaves, rhizomes and roots. The adaptation

occurred through increasing both the total and lacunal cross-sectional area in

concert rather than by mediating the proportion of the total cross-sectional area

allotted to lacunae (eg, altering fractional porosity). The same observation was

made in a field survey of Spørtina alterniftora. When growing under a range of

sediment redox potentials ranging from -19 to L58 mV there was no change in

the allocation of space to the lacunae (Arenovski and Flowes, 1992)' In contrast,

a number of other studies have observed changes in the fractional porosity of

macrophytes over ranges in either soil water content (]ustin and Armstrong,

Lg87) or aerobic state (eg, either aerobic or anaerobic) of a growth solution

(Crawford,1989; Moog and ]aniesch, 1990).

Some indicators of plant performance (eg, biomass) suggested that T '

domingensls responded differentially to the different sediment types. Given the

change in the allocation of biomass to the roots by plants growing in the sand

sediment, this would appear to be nutrient-dependent where the plant allocates

more of its resources to the foraging ability of roots under sub-optimal nutrient

loading rates. The differential allocation to the roots in response to nutrient

loading has been noted previously (Chapin, t980; Ulrich and Burton, 1985;

Morris, 1998). This conclusion seems anomalous considering that nutrients

were artificially supplied in a controlled dose using Osmocote slow-release

fertiliser at a rate that has been found to be non-limiting to the growth of T.

domingensis (Morris, L9g8). Indeed, loading rates of nitrogen into natural

wetlands average only 22 g N m-z y-1 (Mitsch and Goosselink,1986), whereas a

loading rate of 100 g N m-2 y-l was used in the experiment. The loading rate,

however, may not equate with the availability of nutrients where in the sandy

sediment redox-dependent precipitation and binding might have decreased



availability of certain nutrients (see Lynn and Bonatti, L965; Tessenow and

Baynes, 1975; Jaynes and Carpenter, 1986; Christensen, 1997; Christensen et ø1,,

1997) and thus caused a deficiency.

The differential response in terms of biomass has been observed previously.

Moog and Janiesch (1990) studied the growth and morphology ol three species

of Cørex which were grown in either aerobic or anaerobic nutrient solution.

There were distinct differences between the biomasses of plants grown in the

two treatments. Flowever, the results were not consistent; when grown under

anaerobic conditions two species (C. remota and C. pseudocyperus) showed an

increase in the biomass of both roots and shoots relative to plants grown under

aerobic conditions, whilst another species, C. extensa, showed a decrease. The

authors suggested there was a link between the morphological and anatomical

adaptations of plants with the edaphic characteristics in which each of the

species were found. Flence, when grown under anaerobic conditions the species

more commonly found growing in reducing sediments (C. remota and C.

pseudocyperus) showed morphological and anatomical resPonses aimed at

preventing oxygen deficiency. In contrast, C. extensa, which is more often

found in less reducing sediments, did not have the same capacity for

adaptation. However, it was not made clear how such adaptations, whether

positive or negative in relation to oxygen stress, were related to the biomass of

the plants. Nevertheless, as differences were observed in the root-shoot ratio,

the findings of Moog and faniesch (L990) suggest that nutrients were not the

mechanism for the change in biomass of T. domingensls plants grown in

different sediments.

Root length and surface area were influenced by the occurrence of convective

flow in each sediment type. The effect of convection was significant; the

percentage increase in root length between pierced and intact treatments ranged

from 11.51 to 30.49%, and differences in root surface area ranged from 39.76 to

54.g4%. The greatest percentage increase was found in plants growing in the



sand sediment despite the changes in anatomy across the sediment treatments

that would have improved the aeration of the below-ground parts of the plant

to the greatest degree in plants growing in the clay sediment. It is likely that

under most conditions there is a compromise in the need for root length and

the need for radial oxygen loss since the two factors compete for oxygen as a

limiting resource. Under field conditions, for instance, the root length of E.

sphacelata are usually <30 cm whereas models suggest aerobic conditions could

be maintained in roots of >70 cm in length (Sorrell et al., 1994).It was suggested

that relatively short roots would be able to support far greater levels of radial

oxygen loss, a suggestion supported by the observations of elevated redox

potential in the vicinity of the roots of E. sphaceløtø (Sorrell and Boon, 1992).

From the perspective of the plant, there should have only been two treatments:

a) oxic (sandy sediment), and b) anoxic (encompassing the remaining two

sediment types) where the sink strength of the sediment should be

independent of redox potential so long as it is reducing. In laboratory based

experiments Sorrell and Armstrong $99Ð quantified the rate of radial oxygen

loss from l. ingens roots using a titanium III citrate media. The rate of radial

oxygen loss did not change whilst the redox potential was below ca 100 mV.

Above L00 mV the radial oxygen loss ceased. Hence, there were two phases in

terms of the oxygen status: oxic with no sink strength where the redox potential

approaches that of de-oxygenated water (even to the point where the plant roots

may scavenge oxygen from the media - cf traces conducted by Sorrell and

Armstrong (199Ð with de-oxygenated media in a closed chamber), and anoxic

and reducing with sink strength when the media has a redox potential of less

than ca L00 mV. As such, we could expect that the root morphology and

anatomy of the plants grown in clay and mixture sediment types to be similar

since the oxygen status should have been the same. A comparison of these data

do conform to this expectation; values of root length, surface area and total

cross-sectional area were not found to be significantly different. However, other

indicators (eg, total and allocation of biomass, number of shoots per ramet) did



show significant differences between the clay and mixture sediment treatments

- there was a continuum in values across the sediment types. Thus, there was a

distinction between those parameters which were dependent on the supply rate

of oxygen (eg, root length and surface area) and those parameters which are

broader indicators of plants performance (eg, biomass and the number of shoots

per ramet) that may have been more directly related to sediment characteristics.

5.4.3 Conaectiae flow and nutrient content of plants

There was no apparent influence of convective flow on the tissue nutrient

content. This was despite the fact that intact plants developed roots which were

both longer and had larger root surface areas compared with the roots of pierced

plants. The lack of a response may have been due to the high levels of nutrients

supplied to the plants over the experimental period which exceed the nutrient

loading experienced in most natural wetlands (see Mitsch and Gosselink, 1986)-

Moreover, while convective flow does enhance the rate of radial oxygen loss to

the sediment, some degree of radial oxygen loss can be expected when the rate

of convection is negligibte (Armstrong and Armstrong,1990). The small degree

of radial oxygen loss resulting from diffusion driven fluxes of oxygen may be

sufficient to ensure an oxygenated rhizosphere and nutrient cycling such that

convective flow will not increase the availability of nutrients.
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Figure 5.L: Internal pressure (squares) and rate of convective flow (diamond) in
a ãhoot of T. domiigensls ovei time. The arrow indicates the time when the

leaves were pierced.
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(ciicles) of T. domingensis over a water depth gradient. 9p"t glmbols represe_nt
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Figure 5.3b: Lacunal cross-sectional area in the rhizomes (squares)-and leaves

(ciTcles) of T. domingensis over a water depth gradient. 9p"t symbols represent

pi"r."d plants whilst hatched symbols represent intact plants. Mean (SD), n=12.
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Figure S.4b: Lacunal cross-sectional area in the rhizomes (squares) and stems

(ciicles) of P. austrølis over a water depth gradient. Open symbols represe_nt

pierced plants whilst hatched symbols represent intact plants. Mean (SD), n=L2.
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rhizomes (squares) of T. domingensls over _a wa,te1 depth gradient' 9P"tt
symbols reprËsent pierced plants whilst hatched symbols represent intact plants.
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Figure 5.7: Resistance to convective flow per unit length in the leaves oÍ T.

dõningensls over a water depth gradient. Opgn symbols rePresent pierced

plants, hatched symbols represent intact plants. Mean (SD), n=L2.
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Figure 5.8: Resistance to convective flow per unit length in the stems of P.

au-strølis over a water depth gradient. Open symbols represent pierced plants

whilst hatched symbols represent intact plants. Mean (SD), n=12.
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Figure 5.L0: Rhizome length in P. øustralis over a water depth_gradient in intact
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Figure 5.15: Redox potential ovel time in sand (square), mixture (diamond) and

cliy (circle) sediments. Mean (SD), n=18'
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T."domingensis plants grown in different sediment types. Mean (sD), n=40'
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Figure S.L7: Lact¿nal cross-sectional area of the leaves of intact and pi_erced

1sñaaea bars) T. domingensis plants grown in different sediment types. Mean

(SD), n=I2.
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Figure 5.L8: Lacunal cross-sectional area of the rhizomes of intact and pierced

(sñaded bars) T. domingensis plants grown in different sediment types. Mean

(SD), n=12.
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Figure 5.20: Root surface area of intact and pierced (shaded bars) T. domingensis

pÈnts grown in different sediment types. Mean (SD), n=180'
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Biomass (g)
root rhizomeWater cm) shoot

(

831 (366)

s01 (1s1)
7s6 (1.6t)

182 (37)
18e (37)
157 (48)

2s (13)
24.7 (4)
23.4 (8)

total
1

t03e (376)
1014 (16e)

e36 (1e5)

Table 5.1a: Total biomass and allocation in intact plants of T. domingensis

grown over a water depth gradient. Mean (SD), n=6'

Water (cm) shoot root
(g)

rhizome total
L1

25
45
65

(78)
(268)
(227\

1061
972
90L

25
45
65

L6LL

858 (7e)

816 (26s)
172 (30\ 31 (6)

130 (32) 2s.8 (6)

670 (1,e4\ 115 16.4 (3)

Table S.1b: Total biomass and allocation in pierced plants o1 T. domingensis

grown over a water depth gradient. Mean (SD), n=6'

G)
Water cm shoot root rhizome

.8) 7e.4
22.8 (6.e3) 4e.1. (16.1)

38.5 (10.s) 77.3 (25.1)

total
286
2t6 (52.e)
362 (76.7)
244 (5t.2)

8)
145 (40.8)
256 (57.r)
t67 (36.0)

5
25
45
65 2e.6 (Lt.8) 47.1 (r8.0)

Table S.2a: Total biomass and allocation in intact plants of. P. austrøIis grown

over a water depth gradient. Mean (SD), n=6'

Biomass

Water cm) shoot root rhizome total

5
25
45
65

1 .5) 41. .2) 283

t65 (61.e)
274 (100)
184 (86)

3s.1 (16.0) 44.6 (16.3)

s3.6 (24.2\ 52.e (22.2)
246 (86.1)

381 (128)
260 (106)24.e (5.62) 51,.3 (21..4\

Table 5.2b: Total biomass and allocation in pierced plants of P. austrøIis gtown

over a water depth gradient. Mean (SD), n=6'



Treatment shoot
p value

root rhizome total

water depth
leaf piercing
interaction

0.1613 00.1.659

0.L940
0.5460

0.2480 0.1.460

0.4870 0.0620

0.1034
0.21.83

0.5495

Table 5.3a: Results of a two-way analysis of variance perfotrTt"-d on the total

biomass and allocation of T. domingensls plants over a water depth gradient

with and without leaf piercing (see Table 5.1a and Table 5.1b).

Treatment shoot
p value

root rhizome total

water depth
leaf piercing
interaction

0.1283 0.1526
0.43L9 0.4772

0.2779
0.7662
0.8539

0 1023
0.8859
0.8596

Table 5.3b: Results of a two-way analysis of variance performed on the total

biomass and allocation of P. ausirølis plants over a water depth gradient with
and without leaf piercing (see Table 5.2a and Table 5.2b\.

p value
Treatment P. øustrølis

leaf piercing
interaction

<0.000L
0.t920
0.1,802

T,
domin ensls

<0.0001.
<0.0001.
0.2020

water

Table 5.4: Results of a two-way analysis of variance performed on the length of

stem or leaf of plants orr", á watér depth gradient with and without leaf

piercing (see Figuie 5.2). Values in bold indicate a significant response.

Treatment
p value

Total cross- Lacunal cross-
sectional area sectional area

water depth
leaf piercing
interaction

<0.000L
0.6040
0.208L

<0.000L
0.0843
0.0220

Table 5 is of variance performed on the total and

lacunal omingensis leãves over a water depth

gradien (see Figure 5.3a and Figure 5.3b). Values

in bold



P value
Treatment Total cross- Lacunal cross-

sectional area sectional area

water depth
leaf piercing
interaction

<0.0001
0.L3L5
0.3060

<0.0001
0.0625
0.0891

Table 5 variance performed on the total and

lacunal nsis rhizomes over a water depth

gradien Figure 5.3a and Figure 5.3b). values

in bold

p value
Treatment Total cross- Lacunal cross-

sectional area sectional area

water depth
leaf piercing
interaction

0.5360
0.1,693
0.5L73

0.5361
0.1,693
0.5173

Table 5.6a: Results of a two-way analysis of variance performed on the total and

lacunal cross-sectional area of P. øistrølls steqrs over a water depth gradient

with and without leaf piercing (see Figure 5.4a and Figure 5.4b).

p value
Treatment Total cross- Lacunal cross-

sectional area sectional area

water depth
leaf piercing
interaction

0.M1.6
0.0836
0.7869

0.44r6
0.0836
0.7869

Table 5.6b: Results of a two-way analysis of variance performed on the total and

lacunal cross-sectional area of P. øustralis rhizomes over a water depth gradient

with and without leaf piercing (see Figure 5.4a and Figure 5.4b).



p value

Treatment
T. domingensis
leaf rhizome

P. øustrølis
stem rhizome

water depth
leaf piercing
interaction

<0.0001 0.0048 0 2823 0

0.8587 0.3593
0.41,48 0.5345

0.6201 0.1321
0.8302 0.9744

Table S.7: Results of a two-way analysis of variance performed on the calculated

values of diffusive resistance per unit length inT. domingensis and P. australis

plants over a water depth gradient with and without leaf piercing- (see Figure
'S.S ana Figure 5.6; T. io*',igrntls and P. austrøIls, respectively). Values in bold

indicate a significant resPonse.

p value
Treatment T. domin ts P. australis

water <0.0001
0.4048
0.2003

0.3389
0.5923
0.6866

leaf piercing
interaction

Table 5.8: Results of a two-way analysis of variance performed on the values of

resistance to convective flow for the stem/baf of T' domingensls and P'

øustralis over a water depth gradient with and without leaf Piercilg (t"" Figure

5.7 and Figure 5.8; T. aomm{ensis and P. australls, respectively). Values in bold

indicate' a significant response.

Pv
is

alue
Treatment T. do P. øustralis

<0.0001
0.1724

water <0.000L
0.0001
0.L486

leaf piercing
interaction

Table 5.9: Results of a d on the rhizomes

lengths of T. domingen gradient with and

witËout leaf pierciäg omingensis and P.

australis, respectively). sPonse'



Sediment
Redox
intact

potential

mixture
sand

-162.6 (5e.1)

L6.0e (43.1)

.6 59
-1s8.1 (46.1)

(5s.

13.L4 (40 .4)

Table 5.L0: Redox potentials of the sediments used in the experiment

examining the influence of convective flow on the developmgll.of roots by

intact anipierced T. domingensls plants (see Figure 5.15)' Mean (SD), n=99'

Sediment shoot
' Biomass (g)
root rhizome total

clay
mixture

sand

436.1 (148) 1oe .3 (6e.4) L1 .63 (6.3s) 557 (1e8)

e4.6 (15.6)
51.4 (20.6)

6o.e (10.e) 4.0s (0.e7)

3L.4 (25.L) 1.08 (1.s)
1se.6 (s.6)
83.8 (40.8)

Table 5.11a: Biomass allocation and total biomass in intact T. domingensis

plants grown in different sediment types. Mean (SD), n=t2'

Sediment shoot
Biomass (g)

root rhizome total

clay
mixture

sand
re4.L (47.4)
67.05 (Le.7)

463 (124) 10s (33.8) 10 .47 (3.2) s7e (ee.7)

4e.5 (re.s) s.43 (1.4) 24e (64.6)

42.4 (7.31) 2.68 (2.56) LLz

Table 5.11b: Biomass allocation and total biomass in pierced T. domingensis

plants grown in different sediment tyPes. Mean (SD), n=12'

Treatment shoot
p value

root rhizome total

sediment
leaf piercing
interaction

<0.000L
0.L756
0.6127

0.0004 <0.0001
0.927L 0.6544
0.8103 0.6035

<0.000L
0.2491
0.7834

of variance Performed on the total
ants over a range of sediment redox
(see Table 5.11a and. Figure 5.11b).

onse.



Allocation to roots (%)

Sediment intact
18.63
34.78 (16.6) te.45 (2.e)

19

mixture
sand 38.3s (7.84) 38.8s (6.17\

Table 5.13: Percentage allocation to roots in intact and pierced T. domingensis

plants grown in diffeient sediment types.Mean (SD), n=12'

per ramet per ramet

Sediment intact intact ierced

3.5 4.17 1 5.67 7.67 1.5L

1.83 (1.2) 2.17 (1..2) 3.s (0.8) 4.s (t.76)mixture
sand 0.s (0.8) L.r7 (1,.2) 2.5 (L.4) 2.67 (1. .03)

Table 5.14: Number of rhizomes and shoots per ramet ln T. domingensis plants

grown in different sediment types. Mean (SD), n=12'

p value
Sediment rhizomes per shoots Per

ramet ramet
sediment

leaf piercing
interaction

<0.0001
0.27L2
0.9511

<0.0001.
0.4470
0.3437

Table 5.L5: Results of a two-way analysis of variance performed on the number

of rhizomes and shoots per ramet in T. domingensls plants grown in different

sediment types with and without leaf piercing'

Number of
p value

Root length Root surface
areaTreatment roots shoot

se iment 0

leaf piercing
interaction

0.7t24
0.0144

<0.0001
<0.0001
0.0010

.5910
0.0349
0.5312

Table 5.16: Results of a two-way analysis of variance performed on the number

of roots per shoot, root length (see Figure 5.L9) and.roots surface area (see Figure

5.20) of T. domin'gensis plínts over ã tut',ge of sediment redox potentials with
and without leaf þiercing. Values in bold indicate a significant response.



p value

root
area

root length

number of
rhizomes per

shoot

number of
shoots per

ramet

intact
0.4903

0.5972

0.7532

0.0449

0.7589

0.8776

0.4136

0.0074

0.0096

0.0343

0.0394

0.0013

0.7959

shoot biomass 0.0020

root biomass 0.2121

rhizome
biomass 0.0486

total biomass 0.0044

total cross-
sectional area
of the roots

0.t235

Table 5.17: Results of a one-way analysis of variance performed on various

plant parameters comParing data from- plants. grown in clay and mixture

sediments. values in bold indicate a significant difference.



nutrient
content shoot

Tissue
root rhizome

1) intact ierced intact
0

intact ierced

\J,I

Fe

Mn

B

Cu

Mo

Co

Ni

Zn

Ca

Mg

Na

K

P

S

A1

Cd

0.392
(0.104)

r476
(1164)
450.0
(122.r)
15.36

(6.326)
7.280

(3.562)
1..920

(0.238)
1..440

(0.817)
9.620

(7.277)
17.L4

(4.153)
9440

(1s66)
t862

(176.e)
8340

(740.3)
27000
(2345)
694.0

(132.8)
2496

(670.t)
970.0

(s86.0)
0.470

(0.007)

(0.04e)
r495

(1306)
381,.7

(110.7)
15.L2

(5.484)
6.850

(2.88s)
1..550

(0.138)
1.367

(0.6s3)
7.117

(3.663)
1,4.13

(4.260)
8617

(e02.0)
1922

(21s.s)
7367

(88s.0)
25500
(2881)
695.0

(110.4)
2300

(376.8)
1075

(873.6)
0.467

(0.005)

(0.047)
8280

(1083)
438.0
(5r.67)
1L.38

(0.e52)
27.34

(8.6e4)
1..420

(0.268)
7.780

(2.76t)
15.88

(e.e6e)
39.80

(7.15s)
6520

(732.8)
3420

(227.5)
13540
(2e1.6)

1,6420
(2626)
690.0

(104.6)
2580

(41.4.7)

6890
(2262)
0.620

(0.224)

0.402
(0.036)

7617
(2208)
430.0

(10e.2)
11.40

(0.e74)
38.33

(10.6e)
1..700

(0.37e)
9.467

(2.36e)
15.L2

(4.670)
44.50

(6.6s6)
6233

(1640)
3583

(ss6.0)
13217
(30s1)
1.6433
(2726)
671.7

(53.45)
2750

(615.6)
6083

(27Ls)
0.745

(0.266\

0.355
(0.353)

4250
(2t2.t)
211,.0

(41.01)
1.0.35

(L.202)
1,8.45

(5.020)
1.800

(0.424)
3.250

(2.1e2)
13.00

(8.48s)
28.00

(0)
5750

(3s3.s)
2650

(70.71)
9900

(1e80)
1.8850
(1061)
950.0

(te7.e)
1840

(226.3)
2850

(212.1)
0.465

(0.007)

(0.06s)
2488

(240s)
196.2

(6s.41)
1.L.30

(2.60e)
L5.30

(13.e6)
1.900

(0.616)
2.500

(2.604)
8.575

(10.33)
2r.70

(10.e7)
6325

(s8s.2)
2398

(640.8)
5735

(320e)
17865

(110e8)
t0t2

(22s.0)
1848

(580.8)
1.470

(e20.7)
0.475

(0.006)

Table 5.1.8: Tissue nutrient content per unit mass of pierced and intact T'

domingensls plants. Mean (SD), n= 4 - L2. * The units of nitrogen are expressed

as a percentage of mass not in mg k51.



total
content shoot

Tissue
root rhizome

(m intact intact
122

intact

|r,J *

Fe

Mn

B

Cu

Mo

Co

Ni

Zn

Ca

Mg

Na

K

P

S

AI

Cd

0.197
(0.oes)
64.54

(4e.37)
23.54

(12.68)
0.772

(0.405)
0.333

(0.130)
0.096

(0.033)
0.069

(0.028)
0.444

(0.318)
0.842

(0.33e)
483.2

(20s.4)
95.59

(41.0e)
428.7

(176.3)
1398

(61e.8)
34.53

(L2.L4)
127.6

(5e.02)
42.12

(1e.84)
0.024

0.245
(0.066)
92.43

(8e.e8)
25.31

(10.84)
0.953

(o.2es)
0.440

(0.203)
0.L03

(0.027)
0.096

(0.066)
0.474

(0.305)
0.889

(0.212)
579.6

(185.0)
L27.3

(36.88)
492.3

(157.e)
1740

(600.e)
47.49
(r7.07)
L50.6

(40.81)
67.29

(62.47)
0.031,

(0.0e5)
267.5

(220.t)
L3.L5

(e.ose)
0.347

(0.254)
0.859

(0.6e6)
0.049

(0.051)
0.259

(0.224)
0.676

(0.848)
1,.223

(0.e4e)
196.6

(r42.1)
104.6

(7e.62)
379.5

(256.7)
478.3

(311.8)
19.89

(13.62)
75.00

(s4.5e)
242.7

(21e.7)
0.01,9

(0.01e)

(0.033)
320.5

(e8.67)
L8.06

(5.238)
0.482

(0.08s)
1.66t

(0.6s4)
0.072

(0.020)
0.401

(0.L24\
0.65L

(0.27L)
L902

(o.soe)
26t.L

(68.01)
152.7

(38.65)
358.3

(160.e)
691..8

(r37.t)
28.43

(s.06e)
115.6

(2e.65)
259.2

(132.7)
0.032

(0.013)

(0.00e)
8.245

(e.7e3)
0.471.

(0.58e)
0.022

(0.027)
0.043

(o.os4)
0.004

(o.o0s)
0.009

(0.012)
0.036

(0.048)
0.056

(0.067)
11,.07

(13.12)
5.385

(6.512)
17.42

(1e.84)
36.43

(43.Le)
2.138

(2.67e\
3.408

(3.e71)
5.445

(6.428)
0.0009
(0.001)

0.014
(0.00e)
7.050

(4.625)
0.702

(0.53s)
0.048

(0.040)
0.046

(0.026)
0.006

(0.002)
0.008

(o.oo5)
0.024

(0.021)
0.075

(0.028)
24.79

(1.4.74)
8.577

(3.02e)
23.68

(17.5s)
81.09

(76.24)
3.991

(2.317)
6.89L

(3.678)
4.526

(1.86,2)

0.002

(0 o0e) (o.Ooe) 0.001)(

Table 5.L9: Total tissue nutrient content of intact and pierced T. domingensis

ptants. Mean (SD), n= 4 - 12. * The units of nitrogen are expressed as a

percentage of mass not in mg.



element shoot
p value

root rhizome
intact v

0
0.3844
0.54L8
0.6634
0.7826
0.8505
0.7472
0.6330
0.4865
0.2838
0.6278
0.1784
0.9116
0.7578
0.9874
0.L187
0.1324

intact v intact v.

0.9804
0.3554
0.9469
0.8295
0.01.04
0.8720
0.4766
0.2688
0.3020
0.6329
0.0828
0.3754
0.9894
.05548
.08245
.03893

0.9278
0.5573
0.8845
0.9734
0.0985
0.2004
0.3032
0.8703
0.2886
0.7272
0.5672
0.8623
0.9936
0.7150
0.6129
0.5718
0.4273

Fe
Mn

B
Cu
Mo
Co
Ni
Zn
Ca
Mg
Na
K
P
S

AI
Cd

Table 5.20: Results of a one-way analysis of variance comParing the tissue

nutrient content per unit mass of ihe varioìrs tissue types of .intact and pierced

T. ilomingensis piants. Values in bold indicate a significant difference.



element shoot
p value

root rhizome
intact v ierced intact v. intact v ierced

N
Fe
Mn

B
Cu
Mo
Co
Ni
Zn
Ca
Mg

0 0

K
P
S

A1
Cd

Table S.21: Results of a one-way analysis of variance comParing the total tissue

nutrient content of the various tissue types of intact and pierced T '

domingensls plants.

Na

0.5527
0.8084
0.4139
0.3384
0.7132
0.4147
0.8786
0.7833
0.4339
0.2099
0.5436
0.3779
0.1898
0.4647
0.4128
0.2422

0.276t
0.6069
0.2889
0.2474
0.0804
0.3420
0.2158
0.9458
0.1630
0.3471,
0.22L6
0.L911
0.1622
0.L855
0.t499
0.8804
0.2233

0.8380
0.6535
0.4676
0.9230
0.41.1,0

0.8179
0.6726
0.6288
0.33L5
0.4278
0.7107
0.4991
0.4252
0.3M3
0.7827
0.3850
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chapter 6. comparison of rhizome extension in pond and field gfown

plants oÍTyphø domingensls and Phtøgmites øustrølis

6.L Introduction

Water regime has been defined as the sum effect of water depth, duration and

timing of inundation or exposure, and the rate of either flooding or draw-

down. Static water levels are the simplest water regime, whilst the most

complex involves cycles of flooding and draw-down. When subject to complex

water regimes, plants may be exposed to the stresses associated with both

exposure (and possibly water deficit) and inundation. The influence of a

variable water regime, as oPPosed to a static water regime, has been emphasised

in the past (Hultgren, L988; Wilcox and Meeket, L991'; Rea,1992; Rea and Ganf'

t994a; Rea and Ganf, 1994b; Froend and McComb, 1994; Crawford, 1996;

Brownlow,lg97). The significance of a variable water regime is also suggested

by u comparison of the findings of the previous chapter with the field

observations made by Weisner and Strand (L996). When grown under a static

water regime the rhizome length of P. australis did not respond across the

water depth gradient. Further, the capacity for the delivery of oxygen to the

below-ground parts was the same in plants growing at different depths' In

contrast, Weisner and Stran d, (1996) showed that rhizome length and the 'O2-

transport distance' (eg, the length of the rhizome plus the length of the

submerged, portion of the stem at both ends of the rhizome) decreased with

instantaneously measured water depth in plants exposed to a variable water

regime. As rhizome length is dependent upon the delivery rate of oxygen, the

decrease in length found in field plants suggests there were changes in the

anatomy of the plant over the water depth gradient which led to increased

resistances

To investigate the influence of a variable water regime on plant morphology

and anatomyt a field survey was conducted at Bool Lagoon. The results were



compared with data from pond experiments examining the resPonse of plants

to a static water depth gradient (see Chapter five)'

The experimental objectives were

1) To examine the morphology, anatomy and resistance of T' domingensis and

P. australis plants growing in a variable water regime over an instantaneously

measured water dePth gradient, and

2) To compare and contrast the data with that from plants of T. domingensis

and P. australis grown under a static water regime'

6.2 Material and methods

6.2.1. Field suraey

A field survey was conducted at Bool Lagoon in early December of the 1996-97

growing season to quantify the morphology and anatomy of plants subject to a

variable water regime. The water regime of Bool Lagoon is typical of most

Mediterranean wetlands showing winter flooding and summer draw-down,

though the impouñdment of water toward the end of winter means peak

flooding does not occur until October/November (Figure 6.L). The water depth

during 1996 nnged from 0 to I.24 m with a mean depth of 0'68 m' The

maximum rate of change in the water depth (ca 0.51' m month-l) occurred

during the Febru ary /March draw-down and the August/September flood'

For valid. comparison to be made between pond grown plants and plants

harvested from the field, the differences between the two treatment grouPs

must be acknowledged since it is not only the water regime that separates the

two groups. Plants used in the pond experiments were similar; shoots were



chosen on the basis of similar biomass, age and morpholo1Y, and all had a

growing season of the same length (eg, the experimental period). Field grown

plants, on the other hand, would have varied in terms of the aforementioned

parameters, reflecting a water regime history'

The survey examined both T. domingensis and P. øustrølis over a range of

instantaneously measured water depths from 7.0 to 62.6 cn.. Whole plants were

harvested and the following measurements made: number and length of all

mature rhizomes (eg, rhizomes which have developed a terminal shoot) and

the length of the leaf or stem. Measurements of leaf length were made on leaf

number three in T, domingensls. The stem length of P. øustralis was taken as

the distance between the sediment surface and the terminal node. Two samples

of rhizome and leaf were taken from each ramet. The leaf samples were taken

from leaf number three near the base of the leaf just above the leaf sheath of T.

domingensls, whilst stem samples of P. øustrølis were taken near the base of the

stem. The fractional porosity, cross-sectional area and resistance to bulk flow of

each sample were measured as outlined in section 3.3.'l'.2.

In calculations of total diffusive resistance it was assumed that gaseous

transport within the above-ground material was predominantly via convective

flow. Flence, the calculations for the total diffusive resistance using Equation 4.1

were made to include only the rhizomes'

6.2,2 Statisticøl ønølYsis

The data from the field survey were analysed using regression analysis.

Comparison with the data from the pond experiments referred to in Chapter

five was done using the method outlined by Zar (1984). The method evaluates

the similarity of the slope and the elevation (ie, the y-axis intercept) of the

regression lines.



6.3 Results

6.3.L MorphologY and anatomY

In the field, P. austrølls grew at water depths of 7.0 to 62.6 cm, whereas T'

domingensls was only found at depths ranging from 8.7 to 34.9 cm. When

grown in ponds under a static water regime, both species grew successfully at

depths ranging from 5 to 65 cm with no apparent loss of performance at the

deeper depths during the course of the experiment. A comparison of the depth

distribution of pond and field plants suggests that a variable water regime had a

deleterious affect on the survivorship of plants growing at lower elevations.

In the field, both species responded to increasing water depth by decreasing the

stem/leaf length (Figure 6.2 and, Figure 6.3; T' domingensls and P. austrølis,

respectively; see Table 6.I lor the regression analyses, and Table 6.2 lot statistical

comparison of the regressions); the decrease in leaf length was mofe

pronounced in T. domingensls than inP. australis. A positive affect of water

depth was observed in pond grown T. domingensis andP. australls with plants

at deeper depths developing longer leaves or stems so as to maintain a

connection with the atmosphere and sufficient photosynthetic area for net

carbohydrate assimilation.

The lacunal cross-sectional area of the stem or leaf decreased with increasing

water depth in field grown plants of both species (Figure 6.4 and Figure 6.5; T.

domingensls and P. australls, respectively; Table 6.3 and Table 6'4)' There was

also a decrease in the lacunal cross-sectional area of the rhizomes of T '

domingensls whereas P. austrølis showed no change in over the water depth

gradient (Figure 6.6 and, Figure 6.7;T. domingensls and P. øustrølis, respectively;

Table 6.5 and Table O.A¡. fn"se observations suggest that with increasing

inundation plants of both species growing in the field would have suffered a

decrease in the potential oxygen supply, whether by diffusion, convective flow,



or a combination of the two. This is further demonstrated by the resistance to

convective flow per unit length of the leaf or stem which increased with

increasing inundation in both species (Figure 6.8 and Figure 6.9; T' domingensis

and p. australis, respectively; Table 6.7 and Table 6.8). These data contrast those

for pond grown plants where T. domingensls showed an increase in lacunal

dimensions of the rhizome and leaf, whilst P. austrølis did not respond to water

depth.

6.3.2 CøIculøted diffusiae resistance

The values of diffusive resistance per unit length in the rhizome varied across

the water depth gradient in T. domingensls with plants growing in deeper

water having the highest resistances (Figure 6.L0; Table 6.9 and Table 6.10)'

There was no response by P. austrøIis (Figure 6.LL; Table 6.9 and Tab1e 6.10).

Similarly, there was no resPonse by pond grown plants of either species to

water depth (Figure 6.10 and Figure 6.11.; T. domingensls and P. australis,

respectively; Table 6.9 and Table 6.10). Values for P. australis rhizomes were

higher in field grown plants than in pond grown plants'

The total diffusive resistances of field grown T. domingensis rhizomes

increased significantly with increasing water depth (Figure 6.L2; Tabte 6.LL and

Table 6.1.2). Flence, with increasing inundation the total pathlength of

convective flow increased, as did the resistance to the diffusion of oxygen along

the rhizome. Both factors would have decreased the potential supply rate of

oxygen. The total diffusive resistance of P. austrølis plants showed no resPonse

to instantaneously measured water depth (Figure 6.1'3; Tabte 6.LL and Table

6.12), but values were significantly higher in field grown plants. These data are

congruous with the observations of the distribution of the two species over a

water depth gradient where P. australls was able to colonise a much deeper

water column than T. domingensls. There was a significant response by pond

grown plants of T. domingensls to water depth with smaller total diffusive



resistances in plants growing in deeper water (Figure 6.12;Table 6.LL and Table

6.L2) allowing for a greater potential supply of oxygen'

6.3.3 Rhizotne length

Rhizome length in field plants varied across the instantaneously measured

water depth in both species (Figure 6.T4 and Figure 6'15; T' domingensls and P'

øustrnlis, respectively; Table 6.L3 and Table 6.1'4). As water depth increased the

rhizome length of both species decreased. This is consistent with the

observations of Weisner and Strand (L996), though the regression lines suggest

that rhizome lengths of P. øustrølls in this study were somewhat shorter in

comparison with the observations made by weisner and strand (1996)' The

rhizome length of pond grown T. domingensis incteased with increasing water

depth, whilst pond grown P. øustrølls showed no change over the water depth

gradient.

6.4 Discussion

Both species responded differentially to the type of water regime (static versus

variable) suggesting plants experience static and variable water regimes in

different ways. The differences attributable to the water regime were more

marked in T. domingensls than inP. australis.InT. domingensls, the affect of

increasing water depth on pond grown T. domingensis plants was in a number

of aspects positive; for instance, leaf length and lacunal cross-sectional area of

both the leaf and rhizome increased with water depth. The opposite occurred in

plants from the field where leaf length and lacunal cross-sectional areas

decreased with depth. This led to a differential response of pond versus field

grown plants in terms of the capacity for the transport of oxygen' The

comparison of pond and field grown plants suggests that T. domingensis is

eminently more adapted to static water regimes where morphological and



anatomical changes can be used effectively by the plants to adapt to water depth'

Under a variable water regime, the plants morphological and anatomical

plasticity acts to restrict the water depth fecundity of the species. P ' øustralis, on

the other hand, did not respond in many respects to water depth whether

growing in the pond or the field. The stem showed some resPonse to water

depth in field grown plants but not to the same degree as T. domingensls' A

comparison of the field and pond plants demonstrate that when grown under a

variable water regime P. australls had a reduced capacity for the transport of

oxygen. This suggests that P. øustralls, like T. domingensis, is more adapted to

growing under a static water regime than a variable regime. This conclusion is

supported by the observation of Blanch et øL (1999) who, in a survey of the

distribution patterns of a range of aquatic macrophytes, found that T '

domingensls preferred growing in static water regimes and avoided areas

where the water regime was fluctuating. Whilst P. australls preferred areas of

static water regimes, it was also found growing in areas of variable water

regimes.

In field grown T. domingensls plants the potential for oxygen supply was

linked with length, and presumably biomass (c/ Chapter four), of the rhizome;

with increasing total diffusive resistances the rhizome length decreased. There

was also a decrease in the rhizome length of P. øustralis but there was no

associated increase in the total diffusive resistance. Nevertheless, this is

consistent with the observations of Weisner and Strand (1996) who showed

that rhizome length in P. øustralls decreased with increasing water depth.

As the rhizome is the depository for the carbohydrates required for spring

regrowth, the reduction in rhizome biomass concomitant with the reduction in

rhizome length in plants growing at deeper depths would have caused a

problem in the plants' carbohydrate budget. The rhizome must contain

sufficient reserves to allow the plant to establish the emergent material

necessary for net photosynthesis. For plants growing in deep water, the expense



of developing the emergent organs for photosynthesis would be that much

greatef as the plant must Srow through the water column. Thus, as water depth

increases, the carbohydrate fesoufces required to establish spring growth would

also increase. As the rhizome length, and presumably the rhizome biomass,

decreases with increasing depth, at some point the amount of carbohydrate

available within the rhizome will be equal to the amount required to establish

emergent tissue and carbohydrate synthesis. In field populations this point

occurred. at approximately 34.7 cm in T. domingensis and 62.6 cm in P. øustralis.

An estimate of the expense for the establishment of net photosynthesis is 24.4 g

for T. domingensis atZ4.7 cm water depth, and37.'J, g for P. australis aL62.6cm

(assuming that the relationship between rhizome length and biomass is the

same as that shown in Chapter four). Beyond this critical depth, where the

available reserves are less than the establishment costs associated with net

photosynthesis, the plant cannot persist'

As convective flow should augment the oxygen supply rate to the rhizome, the

cessation of convection would result in a reduced critical depth for both species

further supporting the notion that the primary benefit of convective flow is to

overcome the problem of oxygen transport associated with a deep water

column (Brix et al., Lg92). This also has implications for the findings of Chapter

four where it was observed the rhizome length of T. domingensls increased

with water depth. Avoidance of competition was suggested as an explanation'

However, it is also possible the plants were sequestering more carbohydrates to

the rhizomes to ensure an adequate reserve storage for spring regrowth' This is

consistent with the observation that P. øustrøIis, which has longer rhizomes in

comparison with T. domingensis, did not alter rhizome length over the water

depth gradient.

It is unclear why there should be a differential resPonse to the two water

regimes, especially inT. domingensis.It has previously been shown that plants

respond historically to water depth where, depending uPon the relative growth



rate of the plant, the plant performance and morphological characteristics will

reflect a particular period of history of the water depth (Rea, 1992; Rea and Ganf,

I994a; Froend and McComb, Lg94). Flence, leaves of difference ages will show

morpholo gical/,anatomical differences where the water depth has changed in

the period between the development of the two leaves. However, in order for

this to be the case for the plants growing in the field, plants at different depths

would have had to develop at different times through the growing season;

plants further down the elevation gradient would have had to develop in

response to low water depth (eg, before post-winter flooding), whilst plants

higher up the gradient responded to heavy inundation (eg, at the peak of post.

winter flooding). Moreover, plants growing down the elevation gradient would

not only have to develop in response to low inundation, but they would have

to show no Progressive resPonse to the gradual flooding they would have

experienced as the water level rose. In T. domingensis at least, which can

recruit a new leaf every five or six days, there should have been a response to

the flooding of the lagoon. This did not occur, however, suggesting the plants

were responding to factors other than water depth Per se.
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T. domtnSensxs P. austra lis

p value
equation

<0.0001
289-4.43x

depth (cm)
39

<0.000L
177+1.29 x
depth (cm)

135

field
0.8239

<0.0001
170-t.20x

depth (cm)
53

ond
0.2462

<0.0001
178+L.30 x
depth (cm)

L35

field

n

of T. domingensls and P.

ond) and variable water
re 6.2 and Figurc 6.3; T '

lY)'

T. domtnSensts P. australis
field ond field ond

t a
t (slope)

2.6373
5.7795

0.6575
L2.2550

Table 6.2: Results of the regression comparison for leaf/stem length. of T:
ai*irgrnsls and Þ . øustralis þlants gto*tt under static water regime (pond)

and variable water regime (field) o.r"iu water depth gradient (see Figure 6'2 and

two regressions belong to separate populations'

T. doffixnSensxs P,
field

austrølis
field

p value
equation

<0.000L
49.9- 0.72x
depth (cm)

39

0.5069
<0.000L

36.6+0.57 x
depth (cm)

47

0.5726
<0.000L

t6.2-0.20 x
depth (cm)

53

0.L50L
7.03+0.02x
depth (cm)

31n

Table 6.3: Regression analysis for leaf tional area of T '

di*ing,rns¡s å¿ l. austrøús plants gr r regime (pond)

and variable water regime (fieid) over a ee Figure 6'4 and

Figure 6.5; T. domingensls and P. øustra



T. domingensis P. australis

field field ond

t ation 1.

0.8742t (slope) 15.s53

Table 6.4: Results of the regression c

sectional area of T' domingensls and

two regressions belong to separate populations'

T.
field

domingens ts P.australis

p value
equation

<0.000L
361-9.05 x
depth (cm)

39

<0.0001
62.7+0.92x
depth (cm)

47

field
0.000 0.

0.9940 0.0780

25.8-0.01x 52.4+0-17 x
depth (cm) depth (cm)

2853n

ome lacunal cross-sectional area of T'
wn under static water regime (pond)
water depth gradient (see Figure 6'6 and

ls, respectivelY).

tnSens
field ond field

t )
4.0382
2.5503t (slope) 6.1290

Table 6.6: Results of the regression
sectional area of T. domingensls and

two regressions belong to separate populations'



T. domxnSensß P. øustrølis

field ond field

p value
equation

0.0045
0.24+0.02x
depth (cm)

39

0.5311
<0.0001

0.94+0.01 x
depth (cm)

47

0.5L
<0.0001

0.L0+0.01, x
depth (cm)

53

0.3459
0.94+0.01 x
depth (cm)

32n

nce to convective flow in the leaf/stem
s grown under static water regime
vei a water depth gradient (see Figure

. øustralis, resPectivelY)'

T domingensis P. australis

field field
t

t (slope)
7.6734
3.1\77

0
2.4599

Table 6.8: Results of the regression co

in the leaf/stem of T. domingensls and

two regressions belong to separate populations'

T,
field ond

domingensis P. australis

p value
equation

0.1930
-0.74+0.56x
depth (cm)

39

0.0099
29.5-0.24x
depth (cm)

24

field
0.01.83

0.3704
42.8+0.25 x
depth (cm)

53

ond
0.0015
0.8323

L5.7+0.01x
depth (cm)

32

0.

n

Table 6.9: statistical analysis of regressions for diffusive resistance per unit

r."gtn in the rhizomes oÍ'T. domin{ensls and P. austrølls plants grown under

static water ,"gi*" (po"d) and variable water regime (field) over a water depth

giuai"r,t 1r""ïit"ìL ø.ú and Figurc 6.L3; T. domingensis and P' øustrølis'

respectively).



T domingensis P. øustralis
field field

t
t (slope) t.M91

4.3740
5.6570

.1107

Table 6.L0: Results of the regression co

length in the rhizomes of T. domi

statlc water regime (Pond) and var
gradient (see Figurc 6.!2 and Figur
iespectively). The t values represent a

the two regressions (field versus pond
two regretãiot s belong to separate populations'

T. dom tngensß P. øus trølis

field ond field

p value
equation

0.0008
-0.75+0.2Tx
depth (cm)

39

.2652
0.0100

8.42-0.06x
depth (cm)

24

0.0013
0.81.49

25.5+0.03 x
depth (cm)

53

0.

0.0482
10.1-0.03 x
depth (cm)

32n

Table 6.1L: Statistical analysis of regressions for total diffusive resistance in the

rhizomes of T. domingensis and P. øustrølls plants grown under static water

t"tiÀ" (pond) and vaîiable water regime (field) over a water depth gradient

(sJe Figù'r e 6.L4 and Figur e 6.'J.5; T. dõningensis and P. australis, respectively)'

T. domingens xs P.
field

øustralis

field ond

t tion 4.2730
5.4980t(slope)

1340
0.6081.

Table 6.12: Results of the regression co

the rhizomes of T. domingensis andP' a
regime (pond) and variable water r

lsee figure 6.12 and Figure 6.13; T'

The t values represent a comparison
regressions (field versus pond grown I

re[ressions belong to separate populations'



T,
field

domingensis P. australis

p value
equation

<0.000L
60.7-0.68x

depth (cm)
39

<0.0001
31..7+0.L4x
depth (cm)

163

0.0167
58.6-0.1.3 x
depth (cm)

53

field
.L183 0

ond

0.56s2
72.9-0.33x
depth (cm)

90n

Table 6.L3: Statistical analysis of regressions for rhizome length -of T:
ai*ägr"sls and l. øustrølis þþ119 gtoi'.t under static water regime lpon$)

and variable waier iegime '1fi"ta¡ än"t a water depth gradient' Note the

,"jr"rrion for pond gro-t, piants includes only intact plants (see Figure 6'10

urrä Fign, e 6.Ii; T. dímingeisis and P. øustrølls, respectively).

T domingensis P. austrølis

field ond field
3.8693
L6.0587

ond

t 1

L.M26t (slope)

separate poPulations.
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7 General discussion

7.1_ Inuolaement of stomøtø in internøl pressurisntion

Pressurisation in emergent macrophytes depends upon the intervention of a

porous partition between the lacunae and atmosphefe surfounding the plant

(Dacey, L980; 1981). Previously it was considered the partition consisted of a

single layer of cells, or to be confined to a specific tissue which was anatomically

dedicated to supporting pressurisation (c/ schrödet et ø1., 1986; Buchel and

Große, 1990; Bendix et ø1.,1gg4). Doubtless, such a view arose from the physical

experiments which form the basis of the current understanding of

pressurisation. These experiments used partitions of almost negligible thickness

where the affects of tortuosity and, pathlength could be ignored (cf Reynolds,

1879; Takaishi and sensú, L963). Thus, microscopical examinations of plant

material have concentrated on identifying single cell layers or thin regions of

tissue that could theoretically support pressurisation. such attempts have failed

to identify regions of tissue which conform to the Knudsen regime; the smallest

pore diameters observed, are 1.0 pm in T. tøtifolia,O.S pm in T' øngustiþlia

(Bendix et al., Lgg1i) and, 1.0 pm in Nuphør tutea (Schröder et øl'' 1986)' This

approach contrasts the findings of this study which show that in T '

domingensls and. p. øustrølls the efficiency of pressurisation is influenced by the

stomata, even though the stomatal apertures of both species are theoretically

too large to support pressurisation (Roberts, 1987; Bendix et øl', t994;Hardy et

ø1., 1995). Aside from the fact that microscopical studies show the stomatal

aperture is not the smallest pore connecting the atmosphere with the lacunae

in a range of species (c/ Schröd et et ø1., 1986; Dacey, 1987), results from Chapter

two indicate the stomata are not singularly responsible for pressurisation since

pressurisation occurs when stomata are fully oPen, albeit at a slight rate' It is

likely that all of the tissues interceding the lacunae and the atmosphere

contribute to the ability for pressurisation, though no individual tissue may

meet the anatomical requirements to support pressurisation' By increasing the



pathlength for molecular d.iffusion (and perhaps increasing tortuosity)' super-

and sub-tending tissues may red.uce the effective pore diameter' and restrict

Poiseuille-Hagen outflow from dissipating internal Pfessure'

In most emergent macrophytes stomatal movement will occur rhythmically

over the diel period. Thus, the highest efficiency of pressurisation will occur at

night when the stomata are closed, whilst during the day, when the stomata are

open, pressurisation will operate at a low efficiency' During the night' when

those factors which promote pressurisation are minimal (eg, solar irradiance

and low atmospheric humidities), the plant will be able to exploit the physical

conditions in a highly efficient manner and sustain convective flow. This is

convenient as it would be most beneficial to maintain some level of convective

flow over the diel period, rather than having high flow rates during the day and

little to no flow at night, and an alternation between periods of hypoxia/anoxia

and. normoxia. Moreover, in areas such as southern Australia, climactic

conditions witl ensure that some degree of pressurisation and convective flow

will occur over the whole diel period (Brix et øl', 1992; Sorrell et øl', 1994)' ln

maintaining convective flow and aeration over the diel period the plant would

avoid the stress of cyclic anoxia. This may not be the case in more temperate

climes such as Denmark as internal pressures drop to equilibrium or negative

relative to atmospheric during the night (Bendix et al', 1994)' As extension of

the roots and rhizomes are dependent upon rate of aeration, decreases in the

rate at night may be prolonged enough for the plant to sense and respond to by

prematurely halting rhizome extension. The cessation of convection at night

might, therefore, abrogate any benefit conferred by convection.

7.2 Conaersion of internøl pressure to conaectiae flow

Pressurisation is converted into convective flow in accordance with the

Poiseuille-Hagen equation. Consistent with the equation, the most important

characteristic of the lacunal system is the cross-sectional area which is related to



the flow resistance in a log-log maïìner. This was also shown by Armsttong et

øt. (1988) who examined the relationship between the resistance and diameter

of nodal pith cavities within the rhizomes of P. øustralis. whilst all the tissue

types showed a tog-Iog relationship between the resistance and the lacunal

cross-sectional atea, the relationship was influenced secondarily by gas flow

turbulence as indicated by Reynold's number' Naturclly, Reynold's number'

which was calculated assuming a specific Pressufe gradient, does not necessarily

reflect the state in the field where the potential for turbulence will change with

the internal pressure. Nonetheless, turbulent type flow is more likely to occur

within the lacunae of P. austrølis than inT' domingensis due to the dimensions

of the lacunae.

InP. øustrølis thepresence of nodal septa contributed significantly to the level

of resistance. A number of macrophyte species have analogous structures

including B. ørticulatø,Arundo donøx and E' sphøcelata' As in P' australis' the

septal structures are likely to present a barrier to convective flow thereby

reducing the efficiency with which Pfessure is converted to flow' In all these

species the septa seem to be structurally important and cannot be compromised

by the plant in order to optimise convective flow. The presence of septa,

however, does not preclude convection, a fact to which P ' nustrøIls testifies' In

contrast to this are those species which confine structural elements to

longitudinal axes (eg, the edge of the leaf or stem)' Examples of this include T'

domingensis (Rowlatt and Morshead , Lggz), B. ørthophylln, E' acuta and

Bolboschoenus cøldweltii. Moreover, schoenoplectus pungens' for example,

which has relatively large continuous lacunae within the stem has an overall

low capacity for convection d.ue to the high resistance to flow offered by the

rhizome material (Brix et aL, L992)'

The pathway of convection is of importance to the plant as it dictates the

pattern of aeration of the below-ground parts of the plant' For instance'

developing rhizome have resistances too high to permit convective flow' and



the supply of oxygen to the developing rhizome is restricted to the process of

diffusion. In P. øustrølis, the pathway of convection is down the young culm'

through the mature rhizome to be vented through old, damaged culms - the

same pathway as is found in semi-emergent macrophytes (Dacey' 1980; 1981';

Mevi-schütz and Große, 1988). In T. domingensls, however, it is unlikely that

this pathw ay ol flow will occur as convective flow will always take the path of

least resistance. As the leaves of a single shoot may act independently as organs

of pressurisation and as conduits for convection, leaves fTtãf r depending uPon

their physical characteristics, act as either influx or efflux leaves (Tornbierg eú

a1.,L994\.InT. domingensis, the resistance of the rhizome is much higher than

that of the leaves due to the small size of the lacunae. Flence, of the two

pathways, leaf-leaf convection, where convection Passes down one leaf and is

expressed to the atmosphere via another leaf of the same shoot' is more

probable. The alternative pathway has the same resistance of the influx and

efflux leaves, but also the added resistance of the segment of rhizome

connecting the two shoots. Convection is, therefore, not likely to have recourse

to the rhizome, at least not to any significant degree' This, however' is of little

consequence as during the development of the rhizome convection cannot

occur through the blind rhizome; the benefit of convection arises from the fact

that convection can occur without recourse to the rhizome and thereby

maintain a high level of aeration at the base of the developing rhizome to

promote rhizome extension. This pattern of convection is similar to that found

in some species of waterlily where convective flow may Pass down conduits

within a leaf to be vented via different conduits within the same leaf with no

recourse to the rhizome (Mevi-Schütz and Große, 1988). This system, which

relies upon a connection between leaves or stems at the base of the shoot, must

be more advantageous as it allows for throughflow convection without a

rhizome where, in the case of species such as schoenoplectus aølidus,luncus

ingens and, Cyperus inoolucrøtlts, the rhizome would only reduce the level of

throughflow because of high resistances (Brix et aL, t992)'



The need for a throughflow of convection, as stressed by Beckett et øL (1988)'

may have implications for the establishment of seedlings of these two species

and perhaps others species which pressurise. For nominal levels of convective

flow to occur there must be an influx-efflux morphology (eg, at least two culms

or leaves) and low resistances to convection (eg, a well developed lacunal

system). In young plants neither of these conditions will be met and hence

convection will not occur. If these species rely on the occurrence of convection'

the delayed initiation of convective flow may make it more difficult for

emerging seedlings to establish especially in deep water' This may be part of the

explanation for the low rate of seedling establishment in these two species'

7.3 Ecotogicøt benefits of conoectioe flow

The supply rate of oxygen via diffusion is important for the development of the

below-ground. organs, particularly the rhizomes' More significantly' convective

flow, through improving the rate of aeration, can incrementally increase the

extension of both roots and rhizomes in T. domingensls and P' øustrølis' The

advantage conferred by convection is more strictly related to the efficiency with

which pressure is converted to flow rather than the efficiency of pressurisation'

It has been demonstrated that low flow may occur in'plants with high

effectivity values (eg, Cyperus inaolucrøtus, Schoenoplectus aølidus and to a

lesser extent E, sphøceløta -Btixet øl', 1gg2), whereas there are no examples of

the converse. The capacity for throughftow convection is more important in

providing the ability for aeration as only small internal pressures are required

to drive nominal levels of low'

Throughflow convection would improve the ecological status of the plants by

increasing the ca¡bohydrate store available for spring re-growth' Whilst

convection occurs, the capacity for rhizome extension is enhanced as too is the

maximum permissible rhizome biomass' Larger rhizome biomasses would

permit plants to gfow in deeper water where the cost associated with



developing sufficient emergent photosynthetic tissue is greater due to the need

to grow through the water column. Essentiall!, plants with the capacity for

convection could inhabit deeper water columns where the expense of having to

grow shoots up through the water column in spring is too great for plants

without the capacity for convection because of the increased demands on

rhizomatous resefves. This would be especially relevant to plants of semi-

emergent growth habit which are linked morphologically and physiologically

with the prevailing water depth (Cooling, 1996\, though emergent macrophytes

would also benefit through increased capacity for the exploitation of inundated

areas.

The ability for convective flow, by supporting the greater exploitation of the

water column, should provide an important ecological advantage' Greater root

and rhizome length may also have implications for ramet mobility, allowing

plants to more quickly colonise new regions, and for the exploitation of the

available nutrients. The full significance of this, however, is unclear as both

species have been classified as having 'consolidation' type growth habits (Mook

and van der Torn, 1982; Dickerman and Wetzel, 1985; de Kroon and Schieving'

1990); they inhabit a well-defined area in dense, almost monosPecific groups'

This, though, is not congruous with the findings of Chapter four which suggest

that rhizome length is augmented by the process of convective flow, and that

plants adapted morphologically (if not anatomically) to improve the capacity for

convective flow when growing at deeper water depths' The conclusion from

this is that the plants were trying to improve the rate of convective flow,

presumably because they benefited from convection. But not apparently just to

increase rhizome length so as to improve the abitity for ramet mobility since

the plants maintain stands, in some cases for years, without extending past

well-defined stand boundaries'

It may be that convective flow serves only as an adaptation to water depth'

Convective flow does decfease the diffusive pathlength, thereby permitting



plants to inhabit deeper water before anoxia becomes a significant stress'

Convection also allows for longer rhizomes to be developed which must aid

the process of spring re-growth. This may be all the ecological advantage the

plants require - access to areas which, for all intents and purposes' are

uninhabited because other emergent macrophytes cannot overcome the

problems of anoxia associated with deep water. However, it has often been

observed that while both species can exist growing at water depths greater than

two metres (Aston, 1973; Sainty and Jacobs, L98L), they typically prefer not to' T'

domingensls, judging from the growth of local stands which grow under nearly

static water regimes (eg, Torrens River, Willunga wetlands), prefers to live in

water of 0 to 50 cm depth whilst P, øustrølis prefers to abut T' domingensis

living just above the water line. Hence, the advantages conferred by convective

flow are only going to become important under certain conditions when plants

grow in deep water or when plants are flooded'

There are implications for such findings for the die-back of P' austrølis

occurring throughout parts of Europe, a phenomenon being investigated under

the auspices of the EUREED project (see van der Putten, 1997 lot a review of the

project). Firstly, all experiments in this thesis were conducted over short

periods of time (eg, less than one full growing season)' In the short-term'

convective flow did not aPpear to be strictly necessary for the survival of either

P. øustrølis or T. domingensls when grown under conditions of low stress'

However, over long periods, particularly when plants are exPosed to long

periods of sub-lethal stress (eg, phytotoxins, frequent changes in water

level/aeration), the deprivation of convective flow may become a critical point

and mean the difference between persistence and premature mortality'

Certainly, one of the symptoms (and possibly a cause) of ailing and moribund P'

øustrølis is the development of calluses within the lacunal network (Armstrong

et aL, t996ð,;Kohl et al.,1996) which effectively cuts short convective flow' If the

primary accomplishment of convection is the tolerance of deep water' then we

could expect some patterns to emerge in the Process of reed die-back' As



convection ceases, plants should become less depth tolerant' Thus, plants

growing at greater depths should show mofe symptoms of being unhealthy

compared. with those plants growing in shallow water. Plants should also, over

time, demonstrate a change in distribution away from deep water toward

shallow water where the problems of anoxia are less intense as plants further

down the elevation gradient perish'

Convective flow is thought to improve the rate of radial oxygen loss' Evidence

in support of this conclusion is, howevet, indirect (rf Armstrong and

Armstrong, 1990). Attempts were made to quantify the influence of convection

on the radial oxygen loss using the titanium citrate buffer technique (Sorrell eú

ø1., 1993; Sorrell and Armstron8, 1994; Jespersen et ø1.,1998) which mimics the

red.ucing qualities of natural wetland sediments (Zehnder and Wuhrmann'

1976; Delaune et ø1., 1990; sorrell and Armstrong, 1994). The experiments did

not prove successful due to persistent technical difficulties. Nevertheless, the

indirect evidence was considered adequate on which to base an investigation

into the influence of convective flow on nutrient uptake through the action of

radial oxygen loss.

Theoretically, the high rates of radial oxygen loss from the roots of plants able to

pressurise should alter the availability of nutrients within the rhizosphere. By

changing the redox potential of the sediment, radial oxygen loss should

decrease the availability of a range of nutrients. Convective flow, however, does

not seem to have an affect on the nutrient uptake or availability to the plant'

potentially, the affects of heightened levels of radial oxygen loss may only be

seen in depauperate sediments where the plants are already suffering a nutrient

deficit, a deficit which is exacerbated by a high radial oxygen loss' Alternatively,

the increase in radial oxygen loss through convective flow may not significantly

change nutrient availability - the small degree of radial oxygen loss from plants

where just diffusive fluxes of oxygen are occurring may be sufficient to alter the

nutrient status such that more oxygen released into the sediment has no affect'



7.4 Conaectiae flow in the field

Both T. domingensls and P. austrølis experience static and variable water

regimes differently. This was most obvious inT' domingensis which responded

in opposite fashions to the two water regimes with pond Srown plants

effectively adapting to the physical conditions so as to overcome the problems

of inundation. Previously, indices have been used to describe aspects of water

regime. These include sum water depth (Rea, L992), length of inundation

(Blanch et ø1., :rggg) and mean water depth (Froend and McComb' 1994)'

However, as the plants responded in a contrary manner to the two water

regimes, exchanging the instantaneously measured water depth for another

index would not elucidate the resPonse - pond and field grown plants would

still respond differently. Possibly, the differences were due to the way in which

the plants experience water depth. clearly, though, both species are eminently

more adapted to static water regimes where the plants may adapt to the water

level and thereby benefit from any morPhological changes.

The differential resPonses of plants to the two water regime types also brings

into question the importance of convection to plants growing under a variable

water regime. It was concluded earlier that the primary benefit of convection

would be in allowing plants to tolerate greater inundation' If plants growing

under a variable water regime respond in a negative fashion to water depth (in

comparison with pond. grown plants), the capacity for convective flow is likely

to progressively decrease with increasing water depth' Thus, the potential

benefit from convective flow will also decrease with water depth'
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