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ABSTRI\Cr

This project represents the development of a comprehensive description of the growth

of two plant species (namely white clover and Italian ryegrass) in a mixed canopy:

Particular attention has been paid to the impact of hi.vr symbiotic associations (legume

root nodules and vesicular arbuscular mycorrhizae) ~~nthe growth of the two plant

species. The development of the description was divided into two parts. The first of these

was a plant growth trial in which the effects of establishment of symbioses on plant

growth, nitrogen status and biomass distribution was assessed. Inthe case of ryegrass,

neither t)f che two symbiotic associations had any cigniticant impact on growth; nutnent

status or resource allocation" However, both symbioses played a Significant role in the

enhancement of clover growth and this enhancement of growth was apparently due to

improved nutrient status of plants in association with symbionts, The improved nutrient

availability in clover plants which entered into synrbiotic p.:tlrtnerships also resulted in a

greater proportion of plant biomass being located 10 above ground structures.

The second; part of the description process involved the development of a rnathemat.cal

growth model of the system. Growth was set as function of two resources: substrate

carbon and substrate nitrogen. Carbon substrate acquisition was calculated by means of

a mixed canopy photosynthetic model where light attenuation (and therefore

photosynthesis) through the canopy was determined on the basis of the leaf area

distribution in the canopy. Nitrogen acquisition was calculated on the basis of root

geometry, and a description of the roles of the two symbiotic associations was included.

The distribution of acquired resources withi« the model plants was described using a
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flux-utilization model similar to that developed by Thomley (1912). Simuiation results

were generally ;:;;',)1ilarto growth trial data in the clover, although the model was unable

to simulate the impact of mycorrhizal formation. In the case of the ryegrass, while

biomass simulations were similar to observed data, nitrogen contents differed noticeably.

The shortcomings of the model 'tet as indicators of where gaps ill our understanding of
II

the system exist.
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CHAPTER b LlTERA'rURE REVIEW

1.1 INTROl)UCT10N

'The system to be described in this dissertation comprises of four biotic components: a

legume (Triji)/ialrl repens L.). a grass (Lolium multiflorum L.), symbiotic nodule-forming

bacteria and symbiotic vesicular-arbuscular mveorrhizal fungi. In terms of the nitrogen

and carbon relations, this is a fairly com plex system, consisting of at l\ast 16 state

variables (Fig. 1.1). One reason for interest in such a system is that these intercrop

systems are increasingly being used in agriculture, It has often been reported that, given

the correct management, they produce higher yield per area (overyielding) when

compared with monocultures of the component species (Reeves, 1992). In addition to

the agricultural potential of intercrop systems, these system offer several interesting

possibilities for formal description and analysis and it is on these that the bulk of the

dissertation focuses.

The first subjects dealt with in this chapter are, the use of models as a descriptive tool

in biology in general terms, and literature dealing with intercropping systems. The rest

of the review is structured in the same way that the modelling approach categorises the

system. Firstly above-ground processes are discussed. This discussion is rather brief since

the whole of chapter 3 is dedicated to this subject, Following this. literature pertaining

to below-ground processes is discussed. Particular emphasis is placed all the biology and
j

physiology of the symbiotic associations. The reason for this emphasis is that to date, the
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role of symbionts in plant growtirhas been largely ignored in plant growth rr~odels"This

literature thus serves as the foundation for incorporating these into the model developed.

Aspects of general nutrient acquisition are also briefly dealt with in this section and are

again considered in chapter 4, The last section of this literature

resource allocation with particular reference to modelling above versus below-ground

1.2 THE MODELLING APPROACH

The classical view of modelling is that it is a tool to allow the integration of ideas

generated through the conceptualisation of complex systems into organisational levels

(Loomis et al., 1979). Penning de Vries (1983) clearly defined the benefits to be gained

from the use of modelling:

1. to help define and categorise the *tate knowledge,

"ii, to help locate gaps in knowledge,

iii. to make hypotheses explicit and thus set priorities for research,

iv, to allow integrated information to be made operational,

v, to provide a means for disseminating knowledge.

Mathematical models are p srticularly useful (if not essential) since mathematics provides

a symbolic logic which is capable of describing ideas and relationships of great

complexity while still retaining a simplicity of statement (Jeffers" 1988). Implicit in the

use of a mathematical equation to describe the relationship between two or more
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I
I

I

I

quantities (variables) is the idea that a formal statement is being made about them, and

by association, about the problem we are researching (Charles-Edwards, Ooley)

Rimmington, 1986).

1.3 INTERCROPPING

An intercropping system IS defined as a system where two or more crop species are
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gr?\Vl1 together on ttie same land, at the same time (Cordero and McCollum, 1979). It

has been proposed that given appropriate species and management, these should be able

to produce greater yields than the component monoeultures, despite the occurrence of

interspecific competition. In particular, a great deal of interest has been focused on the

use of grass/legume mixtures which could produce benefits not only in terms of quantity,

but quality as well (due to N fixing symbionts associated with the legume component)

(Reeves. 1992).

Legume /nonwiegume intercrops are thought to be particularly productive combinations

under conditions of limited soil nitrogen. It is believed -that nitrogen fixation by the

legume in some way (or ways) benefits not only itself, but the non-legume too. There are

two possible mechanisms for this benefit:

1. It is possible that the nitrogen benefit is conferred as a result or reduced

competitive exploitation of mineral nitrogen by the legume.

2. On the other hand, it is possible that there is direct transfer of nitrogen from the

legume to the non-legume.

it\jThere are a number of possible mechanisms for such direct transfer. including

decomposition or mineralisation, nodule or root exudates, or via it common mycorrhizal

network,

There are a great number of reports on investigations of grass legume intercrops,

Improved corn dry mass yield has been reported in intercropped com and soybean fields

(Herbert et al., 1982), however, this was at the cost of decreased soybean yields.

ImprovementsIn corn grain yields have also been reported for the same mixture
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(Crookston and Hill, 1979). Various other mixtures have also been investigated

including: maize and winged bean which showed an increased protein content in the

maize (Hikam et ul., 1992) .arj.~!~rghum and pinto bean (Carr et al., 1992). In addition,

various forage crop mixtures have ~~en investigated, including lucerneand various dover

sp'ecies as the legume component, with various species of grass such as perennial
"

ryegrass, Panicum virgatum etc (Olsen, Kaiser and Al-Maskari, 1993)~ 111 the case of

white dover and various ryegrass forage mixtures, it has been found that the clover is

usually at a competitive disadvantage, desJ2ite having faster single leaf photosynthetic

rates (Papadopoulos, 1992)..This may. be due to the grass having faster initial growth

rates (Martin and Field, 1984), resulting in overtopping of the clover. This condition may

be alleviated in a number of ways including careful selection of planting ratios

(Papadopoulos, 1992). Another possibility is the use of symbiotic interactions tv the

competitive balance and this is investigated in chapter 2.

As with any agricultural system, intercrops are not without their problems. These Include

allelopathic effects such as those found between clover and rye (Badoux, 1993; Harkot

and 'Warda, 1993; Snell and Quigley, 1993), finding the correct ratios of the component

species so that the yields of neither are adversely affected (Crookston and Hill, 1979).

as 'well as finding species that are tolerant of the same herbicides and pesticides

(Cordero and ~"kColIum, 1979).
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1.4 ABOVE GnOUl'i'D PROCESSES

Generally all above ground plant structures and activities are. associated with the process

of photosynthesis. This process can be considered at a number of ,levels ranging from
\'I

molecular or biochemical to whole plant or canopy. A number of factors limit the rate

of photosynthesis and these can be divided into intrinsic and external. Intrinsic factor;;

include the amounts and catalytic activity of the photosynthetic enzymes such as ribulose-

1,5-bisphosphate carboxylase-oxygenase (RUBISCO), and the rate at which substrates

for these enzymes (eg. CO2) diffuse to sites of photosynthesis. Formal descriptions of the

activities of these enzymes are usually based on Michaelis-Menten kinetic formulations

(eg Farquhar, von Caemmerer and Berry, 1980).

External factors influencing photosynthesis include light, atmospheric concentrations of

CO2 and O2, and temperature (Marshall and Biscoe, 1980)~ In addition to these above

ground external factors, below ground factors such as nutrien; and water availability also

play important roles: the amounts and activities of photosynthetic enzymes ar~ strongly

dependent on the supply of mineral nutrients such as nitrogen and phosphorus while the

movement of CO2 into the leaves is very tightly linked to transpiration (Pearcy e: al,

1987),

Because of the obvious importance of photosynthesis in terms of plant growth and

production (Osmond, 1987), numerous attempts have been made to describe the process

formally (eg Farquhar, von Caemmerer and Berry, 1980; Marshall and Biscoe,

Johnson and Thomley, 1983: Rimmington, 1984). Some models are based on detailed
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descriptions of the biochemical processes (eg Farquhar et however, these tend

to be rather complicated and are difficult to extend to scales larger than leaf

photosynthesis. Light is of obvious importance in driving photosynthesis (Marshall and

Biscoe 1980). A 'Verycommon approach to modelling leaf photosynthesis is thet efore to

amalgamate. all intrinsic factors defining photosynthetic activity into V.'IO parameters: the

light-saturated photosynthetic rate (AM or more commonly Amax), and the quantum

yield efficiency (1\ or more commonly a), and then to describe photosynthetic rate as a

function of irradiance. Since photosynthesis is dependent on a number of factors other

than light, the rate is limited by the pace of tri~ "slowest" process. Thus describing the

rate of photosynthesis (of leaves) as a function of AM and A has often relied on the use

of rectangular hyperbolic functions and similar analogues (eg·Johnson and Thornley,

1983). These parameters (AM and A) need not be constant but can be defined as

functions of various factors such as temperature (Johnson and Thornley, 1983), or leaf

nitrogen content (Hirose and Werger, 1987),

The great advantage of this approach is that it is relatively easy to integrate such leaf

photosynthetic descriptions to whole plant or even canopy descriptions (eg Johnson and

Thornley, 1984). In order to do this it is necessary to incorporate some description (if

light attenuation through the canopy. It is also necessary to describe changes in the leaf

area distributions through the canopy depth since this will define the light attenuation.

In general, photosynthesis models have been restricted to monoculture canopies although

there are a few exceptions (Rimmington, 1984; Papadopoulos, 1992), The model

developed Rimmington (1984) is based on a very good description of light attenuation
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through mixed canopies, however, there are a If 'mber of oversimplifications ill the

scaling up from leaf photosynthesis to canopy photosynthesis, The model dev~~ped by

Papadopoulos (19';12) improved on the Rimmington model by incorporating the effects

of environmental variables such as seasonal variability in temperature and irradiance,

Howes .er, in the Papadopoulos model the description of canopy architecture and in

particular leaf area distribution through the canopywas unrealistically static, The canopy

photosynthesis model developed in chapter 3 represents an improvement on both of

these-previous models: Rimmington's description of light attenuation through a mixed

canopy is combined with the integration developed by Johnson and Thomley (1984) for

monocultures and the resulting equations are supported by a dynamic description of the

distribution of leaf area within a mixed canopy.

1.5 BELOW GROUND PROCESSES

1.5.1 NUTRIENT ACQUISITION

It should be ei;"\.pliasizedthat the word acquisition infers that more is inVolved in getting

inorganic nutrients into the. plant than ion transport across cell membranes (Clarkson.

1985). There seems to be some uncertainty as to which factors are of greatest

importance in nutrient uptake (Robinson, 1986). When plants are stressed by low

nutrient availability, they commonly increase their root uptake capacity (equivalent to

Davidson's (1969) loot activity), and also increase their growth allocation to root-

(Gutschick, 1993), These :nodific:;>';:pnsallow plants to approach a balance between
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nutrient acquisition and photosynthate supply. From liquid culture experiments, the

activity of uptake sites (often defined by the Michaelis-Menten constants K.M and V \1A,'I()

is particularly important (Ingestad and .4.g1en 1988). This is because of rapid

replenishment of the solution close to the root surface. However, in the case of plants

ill a soil medium, deplei.cn sheaths/zones form around the root. In this situation changes

in root growth appear to be more important than changes in the activity of uptake

systems, Increased root growth allows exploration of greater volumes of undepleted soil.

From the perspective of the soil, fluxes of nutrients to replenish the depletion sheath is

a salient feature (Gutschick, [993). The mobility of the nutrients of interest in the soil

may in fact blur the above generalisations regarding priority of allocation between

activity or growth. For mobil nutrients (Stich as>NH/', NO:i, K+), depletion zones may

be rapidly replenished so that the situation resembles liquid culture experiments and the

activity of uptake sites may bt' more important. On the other hand, for immobile

nutrients (such as phosphorus), root growth is likely to be more important.

The above discus ..ion applies to situations where nutrient supply is suboptimal to

optimal, Whl811 nutrients are vailable in superoptimal levels. II key factor in the

regulation of uptake is plant dema.xl. Nutrient uptake will be limited by reducing both

the uptake activity, and root growth tate relative to shoot growth. The most simple

mechanistic explanation for this is that nutrient concentration in a tissue determines the

photosynthate demand itt that tissue, and because of the high levels of nutrients reaching

the shoot, the shoot tissues will have a greater photosynthate demand. They will

therefore retain itt grefLt~r pu'('portion of photosynthates, and a relatively smaller
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proportion will be allocated below ground (Agren and Ingestad, 1987)0 However, l~isi':--

possibility is not considered in the nutrient acquisition model developed below since it

is assumed that the system is experiencing suboptimal nitrogen levels, This is in line with
I

the experimental work which was carried out (where the growth medium was river sand

and the fertiliser applications were low to encourage establishment of symbionts). It is

also in line with the [act that the great benefit of legume/grass intercropping is to be.

derived iii nutrient-poor situations (see section 1.3)

105.2NODULE~F(i)RMING BACTEHIA

Rhizobium-legume root nodules are highly organised hyperplastic, hypertrophic tissue

masses derived from root c'.'?rtical cells. There are three major groupings of nodules

based on shape, meristematic activity and nitrogenous transport products: a. elongate-

cylindrical nodules are formed with protracted apical meristematic development that

assimilate fixed nitrogen' into amides; b. spherical nodules 'with transient internal

meristematic development that assimilate fixed N into ureides: c. collar type nodules that

encircle the tap root (Vance el al., 19(8). The first of these three is found ir Trtfolium

species. Following inoculation with specific rhizobial strains" a complex series of

developmental alterations begins involving both partners, which culminates in the

formation nitrogen flxing root nodules. The impot tance of these symbioses stems from

the ability otlthe bacterial symbiont to fix atmospheric nitrogen by means of nitrogenase

under appropriate conditions, Globally, nodule mediated nitrogen fixaticn is responsible
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for fixing approximately 10")tonnes of nitrogen per ,'1nnUI11(Downie anti Johnston, 1988)0

This has obvious agronomic importance in terms of the potential to reduce applications

of costly nitrogen fertiliser and has led to agricultural practices such as legume

intercropping mentioned above (section 1.3).

The devetopment of active nodules represents an intriguing example of joint

differentiation in two different organisms, and it is apparent that the development

involves specific expression of genes in both symbiotic partners (Downie and Johnston,

1988). Die initial step in the development of the legume-Rhizobiwn interaction is

believed to involve bacterial recognition of 10vII' molecular weight flavones and flavanones

exuded from the legume roots (Downie and Johnston, 1988:Vance et al.~ 1988). This is

mediated, ill part at least, by bacterial D genes. The interaction between these

exudates and nod D gex~esresults in the induction of several other bacterial nod genes

(eg nod the products or which form a soluble factor that is required for root

hair curling and possibly eliciting development of the nodule meristem) (Downie and

Johnston, 1988). Specificity is an important feature, with particular legumes being

infected only by a limited range of rhizobial strains or species. It has been suggested that

this specificity is established at a very cady stage and that this is achieved by combining

plant-produced flavenoid signals with the bacterial signal to produce root hair curling

factors (Downie and Johnston 1988).

The curling of the 1'O,)t hairs, initiated by signals from both symbiotic partners results in

entrapment of bacteria within the curl and this is followed by active penetration, by the

bacterium, through the plant cell Wall. As this penetration occurs, root hair tell wall
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growth is re-orientated and appositional wall growth is initiated to form the so-called

infection thread. Several hours prior to the penetration of the root cortex by the

infection thread, signals from the rhizobia} symbiont initiate. d focus of cell division that

later becomes the nodule meristem. This functions fat an indeterminate period i11 the

elongate-cylindrical nodules. The nodule meristem proliferates in advance of the

infectiorr thread, and nodule cells around this ate invaded by the infection thread which

releases bacteria I11to the cytoplasm of the host cells. As the bacteria enter they become

enclosed by the peribacteroid membrane (PBM). Once inside the plant cells,

differentiation of the bacteria into bacteroids occurs along with induction of nitrogenase

activity.

1,5.2.1 FLUXES OF CARBON AND NITROGEN 'BETWEEN THE LEGUME AND

NODULES

The growth and development processes described above, along with maintenance

respiration, N;>, fixation and assimilation as well as transport of fixed nitrogen from the

nodules represents a significant carbon sink to the host legume (fo: instance, nodule

respiration way make up as much as 35% (If the total root respiration according to

Kouchi el al., 19(5). This is despite the fact that a certain proportion (10 ~ 14ttfJ) of these

costs are accounted for by CO2 fixation if! the nodules through the activity of

phosphoenolpyruvate carboxylase (Twary and Heichel. 1991). The primary carbohydrate

transported to the nodules is sucrose, which is then cleaved in the plant fraction of the
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nodules by either alkaline invertase or sucrose synthase (Copeland, Vella and Hong,

1989), These enzymes have often been implicated in regulating sink strength by

regulating the concentration of sucrose in some area of the plant. The mono- and

disaccharides are processed in the plant cells and supplied to the: bacteroids in the form

C4~dicMboxy1ic acids (Vance and Heichel, 1991).

In addition to the regulatory activity of sucrose synthase lind alkaline invertase" the

Interface between the plant cell cytoplasm and the bacteroids represents a very important

regulatory site for nodule activities (Aapels and Haaker, 1991; Rosendahl, Dilworth and
i' I

Glenn, 1992). This interface comprises the peribacteroid membrane (PEM), the

periplastic space and the bacteroid membrane. Fluxes of substances across this interface

will regulate not only the exchange of carbon and nitrogen. substrates between plant and

bacteroids, but also the physical conditions (pOl' pH and ionic environment) in the

bacteroid (and thus the efficiency of ~2 fixation) (Rosendahl t:t aI., 1992).

There are a number of mechanisms that have been proposed to describe the exchange

of carbon and nitrogen aCfOS8 the plant-bacteroid interface. One suggestion is that it

malate/aspartate shuttle similar to that associated with mitochondria is involved (Aapels

and Haaker, 1991). However, more recent evidence seems to Indicatethat this is unlikely

(Rosendahl et al., 1992). These latter authors suggest two alternatives. The first is that

malate is converted to OAA I (by MDI-I2) and pyruvate (vi,a malic enzyme).

'Transamination with amino donors such as glutamate would then produce aspartate and

j Oxaloacetlc acid.

8 Malate dehydrogenase.

II
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alanine. H~jw these amino acids might cross the PEM is not yet known although it has

\\
i'

been suggested that nitrogen nutrition in symbiotic N;:;filation may involve the plant

providing amino acids in exchange for NH/ (Vance and Heichel, 1991). The other

alternative proposed by Rosendahl er at. (1992) 15 that transformations take place in the

per-plastic space through the ilctivity of transaminases (although the presence of these

has yet to be shown).

It 11<:IS 'eeen argued by a number of authors that because of the strong sink strength of

the nodules, that the vast majority of carbon used is recently assimilated carbon as

opposed to storage forms (Gordon el al., 1985). Crane and Heichel (1985) observed an

80%, decrease in nodule fixation in alfalfa within 24 hours of shoot removal, Dabas,

Swaraj and Sheorar (1988) reported the same ,findings; however, they also found that the

levels of carbohydrate in the nodules were not decreased atthe same rate N, fixation

suggesting that there was some other short term regulation mechanism. More convincing

evidence for this "recent assimilate" theory comes from work using carbon isotope

labelling, which showed that within 70 minutes, a greater proportion of labelled carbon

was to be found in the nodules than in the rest of the plant (Gordon et al., 1985). These

authors argued that other studies may not, have had sufficient resolution of early events

since the turn- re-export and respiration) of labelled carbon in thencdules was very

rapid. Kouchi et al (1985) also interpret their carbon labelling work as suggesting the

importance of recently assimilated carbon; however, they also note that at night the
Ci

primary source of carbon used by the nodules originated from starch stored in the leaves.

Other authors, however, have argued the opposite" ie that storage forms of carbohydrates



are favoured by nodules since nodules appear not to be strongly perturbed by short term

interruptions in photosynthesis (Boller and Heichel, 1983)c In addition to this, Finn and

Brun (1982) interpreted the lag of only six hours between decreasing photosynthesis and

decreasing Nz fixation (due to application of water stress) as evidence for the use of

storage carbohydrates. The evidence for this theory is far weaker than the, alternative.

In the final analysis, it does I10t really matter whether nodules use, recently fixed carbon

or storage forms, and in fact there is evidence that nodules will in fact use whichever is

available at the time (Vance and Heichel, 1991). The general conclusion that can be

drawn is that there is strong cou pling between carbon assimilation and nitrogen contents

, and thus Nl fixation (Boller and Heichel, 1983; Ryle, Powell and Davidson, 1992).

Increases in the nitrogen supply to the plant may increase the photosynthetic ability

(Hirose, 1988). This is in line with the idea of a "balance" (Minchin et al., 1981) between

the processes of C assimilation and N, fixation. If such a functional balance can be

assumed then Davidson's (1969) formulation carl be applied to the system in question.

According to this formulation, nodule mass and activity should tend towards a balance
'\

with other plant activities such as photosynthesis. Thus plants with increased nodule mass

should exhibit increased t11<'i55 and/or activity of the rest of the plant, as was fount! by

Cralle, Heichel and Barnes (1987). It is apparent from the literature that nodules

respond to fluctuations in photosynthate supply by changes in mass; rather than changes

in activity (Vance and Heichel, 1991; Ryle, Powell and Davidson. 1992). Thus responses

to changes in photosynthate supply would be relatively long term.

Factors other than photosynthesis seem to be more important in short term regulation

of N, fixation (mediated by regulation of nitrogenase activity). In particular the oxygen
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concentration in the. nodule seems to beimportant (Dabas, Swaraj and Sheeran, 1988),

The enzyme nitrogenase poses something of a paradox in that while its functioning is

dependent on large quantities of ATP (which would usually be supplied by aerobic

respiration), the enzyme is irreversibly denatured by O~,It is fc, this reason that the root

nodule symbiosis exhibits several adaptations for fine regulation of oxygen levels. These

are; (a) an oxygen diffusion barrier in the nodule cortex: (b) synthesis of the 02~bindillg

protein leghaemoglobin (Lb) within the nodules which facilitates oxygen nux to the

bacteroids within the infected zone; (c) plant redirection of glycolysis to malate with

subsequent reductive formation of succinate under microaerobic conditions; (d) bacteroid

utilization of Cd-dicarboxylic acids rather than mono- and disaccharides to fuel

nitrogenase activity; and (e) bacterial ATP formation coupled to a high-affinity terminal

oxidase (Vance and Heichel, 1991).

From the above discussion, it can be seen that the legume-rhizobial system represents

a fully integrated symbiosis in terms of hormonal, genetic and nutritional responses

(Minchin et al., 1981). The activity and biomass of nodules appear to approach functional

balance with other plant processes being closely regulated both in the short term

(perhaps by 020 content), and in the long term (by way of photosynthate supply). Aspects

of the carbon and nitrogen budgets of this component of the system will be dealt with

formally in chapter 4.

i!1

1.5.3 VESICULAR-ARBlJSCULAR MYCORRHIZAE

Vesicular arbuseular mycorrhizae (VAM) are symbiotic associations formed between
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vascular plants and fungal species of the order Glomales (Morton, 1993). The

colonization of plant roots by VAM fungi involves the formation of intercellular hyphae

and highly branched intracellular arbuscules and vesicles scattered throughout the root.

The establishment of intracellular phases is believed to be achieved through wall

degradation by cell wall-hydrolysing enzymes (Garcia-Garrido, Garcia-Romera and

Ocampo! 1992). VAM symbioses are widespread, occurring in 80% or vascular plant

species (Smith and Gianinazzi-Pearson, 1988), and within a single host species the

possibility of common mycorrhizal networks is high. Also, many of the fungi that form

mycorrhizas have low host specificity) and this has led to the suggestion that these fungi

may link plants of different species (Newman, 1988)" It has thus been suggested that

VAM fungi may be able to bridge different plants, thereby breaking down some

physiological barriers (Newman, 1988). This may shift the competitive balance in the

direction of some members of a community (St-John and Coleman, 1983),

The infection process develops from an encounter between a hypha and a root. The

dynamics of mycorrhizal infection ate b)! nature complex because both fungal infection

dynamics and root growth dynamics must be considered as well as feedback between

these processes. Mycorrhizal infection can be modelled mathematically in a similar way

to the spread of pathogens. Buwaldo et al (1982) have reviewed a number of modelling

approaches based OIl permutations of a logistic type of growth model. However, this

approach is purely empirical and does not take into account the effects of root carbon

allocation (Thompson, Robson a.ndAbbott, 1990; Andersen and Rygiewicz, 1991) or soil

nutrient contents (Sylvia and Neal. J 990) on infection dynamics, As an alternative to this

logistic approach, the mycorrhizal fungi may be considered, not as a different organism,
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but rather as an additional organ of the plant. The infection process is therefore
,

regulated by the plants allocation regime which is in turn dictated by carbon and nutrient

availability .. Clearly this approach is only appropriate for non-parasitic symbioses.

'lAM symbiosis appears to play an important role in uptake of nutrients and possibly

water in vascular plants (Veenendaal fit al., 1992) by increasing the absorptive surface

as well as the volume of soil explored. This can be very simply demonstrated with

reference to cylinder geometry. By assuming that both the mycorrhizal fungal hyphae and

the roots are cylindrical, and that the volume of soil explored is a function of the length

of the cylinder, then by rearranging the following equations:

(1.1)

(1.2)

(where VROOT and VMY'C are the volumes of the root and of the root and the mycorrhizal

fungal hyphae; R1wor and RMyC are the radii of the root and hyphae respectively; and

L1Wt1I' and LMyC are the lengths of the root and hyphae) we get expressions for the

lengths of the respective structures:

(1.3)

(1.4)
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If it is then assumed that the mean radius of the root is of the order of 20 times that of

the hyphae (Gutschick, 1892). then" for any given tissue volume the length of the hyphae
\-~- -

will be 400 times e root.

When considering the surface areas of th(;;fopt (SAROOT) and hyphae (SA~;yc:):

(1.5)

SA -':1*-*R *LM\'C-'~ II MYC' MYC (1.6)

Then, by substituting for length and simplifying:

(1.7)

Then if it is again assumed that the mean root radius is 20 t~mes that of the hyphae, then
Ii '

it can be seen that for any particular volume of tissue, the root will have a

smaller surface area.

In order to relate these volumes to biomass, it IS necessary to introduce tissue densities

(g.m") for root (PH-oor) and for the fungus (PMYC):

M1W0I1PROOT (1.9)
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( 1.10)

It is reasonable to assume that .the values for P are more or less the same so that for any

given volume the masses will be the same, and if all other things are equal (which they

are not), then the costs (in tenus of biomass allocated) of increasing the length and

surface area of the absorptive structu res will be far less in the case of the fungal hyphae.

The bulk of nutrient exchange between the fungus and the plant appears to occur at the

Intracellular interface. This interface comprises the membranes of the plant and fungal

symbionts as well as the interfacial apoplasm. Although several modifications to the

interfacial membranes have been hypothesised (eg increased penneabili5f of the

membranes), the only feature that has really been demonstrated experimentally is the

localisation of H+-A'I'Pases on the membranes of both symbiotic partners (Gianinazzi-

Pearson et al.. 1991). This is believed to playa very important role in the active transport

of several substances Into both of the svmbionts. In addition to the H+-ATf'ase linked. ,

transport mechanisms, t~ number of other mechanisms are thought to be involved

including passive fluxes, and Jill king of metabolic processes (<IS in the case of nitrogen)

(Smith and Smith, 1990). The polarities of these fluxes are generally not fixed and seem

to depend largely on source-sink relations in the fungus and the host.

1.5.3.1 CARBON PHYSIOLOGY OF i\1.YCORRHIZAE

it i-; widely accepted that mycorrhizal fungi are dependent on their host plant for carbon
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supply. Anderson and Rygiewicz (1991) noted that the extent of infection 7" ,.t Ieast in

part regulated by the availability of carbohydrate from the shoot of the host plant. Also,

the vigour of established mycorrhizal associations is affected by availability of carbon for

maintenance. Because of this dependence, the general concept of carbon flux is that the

process involves loss of carbon by the plant cell into the interfacial apoplast from where

it can be taken up by the fungal partner. One suggestion is that plant-supplied carbon

{:Utters the apoplast by passive fluxes of sucrose or hexose sugars (Smith and Smith,

1990). This obviously t.ecessitates a downward concentration gradient which has led to

the postulated role of invertase in the apoplast, Whether OJ: not there is any modification

of the plant plasma membrane to increase its permeability is unclear (although Smith

and Smith [1990] argue strongly against such a proposal). Carbon supply to the fungal

symbiont may also be in the form of plant synthesised wall precursors, (Smith and Smith,

1990). This mode of carbon supply is dependent on the modifi, . li011-.of plant wall

deposition the interface by fungal mediated inactivation of the polymerisation process

(Smith and Gianinaz, .•-Pearson, 1988).

Processes involved with the u~take of this carbon by the fungal symbiont are also not

particularly clear. One possibility is that this uptake is active and facilitated by ,,"ay of

an l-r~-hexose sugar symport system where the H+ gradient is generated by the H+-

A'TPases which have been reported to occur in association with the. fungal membrane

(Gianinazzi-Pearson et al., 1991). Another possibility IS that the transfer may be passive,

and therefore dependent OIl the maintenance of a gradient. Low sugar l.~~lCentratiollS

in the fungal symbiont may be maintained by conversion of sugars to "non-reusable"

lipids and glycogen. In the ericoid mycorrhizal fungi, ,4C studies have suggested that host
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carbohydrates sucrose) are absorbed by th~ fungus and converted lute (tHUH1itoI and'" "'_.

trehalose maintaining the concentration gradient (Stribley and Read; 1974). A

similar situation has been reported in the ectomycorrhizae where host sucrose is

converted to trehalose, ,)lld mannitol (France and Read, 19:1.n,). The

involvement

arbuscular mycorrhyzal (VAM) fungi. Schubert ei reported the occurrence

In addition to this general concept of carbon transfer, France and Read (983) note that

"th( au intricate relationship between the carbon and nitrogen physiology at the host-

fungus mterface. It is suggested that mycorrhyzal fungi may act as centres of nitrogen

metabolism (Smith and Smith, 1(90) and that the host plant may take lip organic

nitrogen in the form of amino acids or amides across the plant fungus interrace ill
I.

exchange for carbon based" ,;.cnrsors. Irrespective of the mechanisms ~fllVolved,the

transport of these amino.acids or amides provides a route for bidirectional mt ..wement

of carbon over and above U1G net sugar flux needed for growth of the fungus (Smith and

Smith, 1990),

Ythas also long been suggested that common mycorrhizal fungi may facilitate fluxes (';If
I

carbon between different plants within a population 01' community (Stribley and Read,

1J74). Hirrel and Gerdemann (1979) investigated the possibility of 14C fluxes between

unions infected with VAM fungi aud found strong stiggestive evidence for the flux of

carbon between individual plants: More recently, Martins (1993) has also investigated

this possibility and puts forward strong evidence for direct transfer (root-symbiont-root)
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labelled carbon. III order for such fluxes to occur! interfacial transfer processes would

have to be completely reversible. It is also possible that in plants sharing a common

fungal symhiont one of the plants may support a greater proportion of the fungal "costs"

while the other may derive as much benefit from the association in terms of nutrient

absorption. There could thus be an indirect net carbon benefit to one of the plants,

Whether such fluxes (direct or indirect) would be sufficiently huge to have any

significant physiological impact is a matter for debate.

1.5,3,2 NITROGEN PHYSIOLOGY OF MYCORRHIZAE

It is widely believed that mycorrhizal fungi nrc involved in the uptake and assimilation

of inorganic: nitrogen and that some of this nitrogen is transferred to the host plant

(Johansen, Jakobsen and Jensen, 1992), In the case of ammonium, uptake by

mycorrhizae can be described by Michaefis-Menten kinetics (Jongebloeu, Clements and

Berst-Pauwels, 1991), The assimilation of ammonium in VAM involves the glutamine

synthetase/glutamate synthase (GS/GOGAT) biochemical pathway rather than the

glutamate dehydrogenase path (Smith and Smith, .1990). It has been suggested that VAM

fungi may act as centres for ammouium assimilation. This 'would then involve all

assimilation taking place in the fungus; with fungal products such as glutamine and

glutamate being exchanged fo..' sugars from the plant across the interface. This is

however not the only possibility and the distribution of as and GOGAT at the fungus-

plant interface has not been determined and may have implications for the transport of

nitrogen and carbon at this Interface (see figure 2. in Smith and Smith, 1990).



Whether VAM. fungi play a role in nitrate uptake is less dear and to date there is '110

evidence for nitrate reductase (NR) activity in VAM fungal hyphae. This is in agreement

with the general microbial preference for ammonium over nitrate (Johansen et al., 1992)

and also 'with the fact that nitrate is relatively mobile in the soil and thus accessible to

the mot directly. NR activity has fungal spores (Ho and

It has also been demonstrated that VAlVI associations may enhance NR

(anti OS) activity in the roots of the host plant (Cliquet and Stewart, 1993). Recently,

George et al (1992) have presented some evidence for the direct involvement of VAM

fungi in the uptake of nitrate (although this evidence is inconclusive).

As the case in carbon, it has been suggested that VAM fungi may be involved in

interplant nitrogen transfer. This is; a particularly interesting possibility when considering

legume, liAercrop systems (as in this dissertation). Again, whether this transfer is

facilitated by direct hypha! bridges, or whether it occurs through some more indirect

route is still unclear. This issue has been investigated quite extensively using a number

:>f methods generally involving nitrogen isotopes and root separation techniques (some

of which are fairly complex [ego George et al., 1992]). Haystead et at (1988) presented

some evidence direct transfer based on experiments to investigate the possibility of

15N exchange between Trifolium repens and Lollum perenne. Similar evidence was

presented in Hamel et al (1991b) for a maize and soybean mixture. HOW~.veI! both sets
I:"

of evidence are only suggestive due to the possibility of 15N cycling from dead root

matter. It is also unclear whether the magnitude of these apparently direct fluxes would

be large enough to have any significant impact (Hamel et al., 199!a: Hamel and Smith,

1991; Reeves, 1992). It has however, been suggested that the distinction between direct



fluxes and indirect fluxes may in fact be artificial and that the root and rhizosphere

should be considered as a. unit; the "nutrisphere" (Bethlenfalvay et al., 1990). The

implication of this is that the most important issues are whether any flux is facilitated

by mycorrhizal infection, and the-magnitude of such fluxes, rather than the exact route
(:

which is followed. It is in fact likely that both direct and indirect transfer are involved;

1.5.3.3 PHOSPHORUS PHYSIOLOGY OF MYCORRHIZAE

Although not investigated in this study, phosphorus nutrition is (I

of VA mycorrhizas, and has therefore been included in this review" Numerous studies

have demonstrated a significan t phosphorus benefit in plants grown in association with

VAM fungi (Newman, 1988). Because phosphate has a very low diffusion coefficient In

soil! absorption is enhanced by high "root" length density (em.em") (Koide, 1991). The

considerable hyphal contact with the soil is believed to extend the potential absorbing

surface (!lroot") and the increased length may exploit a greater volume of soil outside the
i·\

nutrient "deficiency zone" (Harley! 1989). In order for this to be of benefit to the host

plant there must be some mechanism for the transfer of p!;osphonls. A physiological

mechanism for this has been described by Smith and Smith (1990): ph~ppIlPrus is actively

absorbed from the soil by the fungal i,(yphae and then. transported te the fungal-plant

interfaces. At the interface loss of phosphorus by the fungal symbiont appears -to be

passive although some modification of the interface is possible to facilitate greater fluxes

(Smith and Smith. 1990).Active uptake of phosphorus, by the plant from the interfacial

apoplast has been inferred due to the presence of H+~ATPase's on the plant interfacial

c\
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membranes (Gianinazzi-Pearsoa et al., 1991),

Interplant transport (If phosphorus has also been suggested and some evidence is available

to support this from a number of radioactive P isotope studies. Intraspecific fluxes were

investigated by Whittingham and Read (1982) in Plantago lanceolata and Festuca ovina

respectively, while interspecific flaxes were investigated by Francis, Finlay and Read

(l986);\ In both of these investigations the results confirmed that ~he presence of VAM

infection could provide channels for direct interplant phosphorus transfer and.that this may

in some cases bl~significant in terms of growth,
Ii

However, other investigators have questioned whether fluxes are of any significance in
c-- -

terms of plant growth. Newman and Ritz (1986) used two mathematical models to test

hypotheses regarding whether i,Was necessary to infer direct phospnorus transfer to explain

, the rates of transfer .observed, This work suggestel1 that the classical soil pool pathway was

sufflcient to priedict observed fluxes, It is possible that any previously ~~,lh5ervedbenefits of
Ii .

common mycorrhizal infection could be due to preferential cycling of P fi'Um dying roots

of one plant to another of the same type of mycorrhizal infection (Eason, Newman and

Chuba, b..'91). Newman (I(88) notes that movement of all isotope) does l10thy itselfprove

net movement of till element. As is probably the case with nitrogen, it is likely that effects

of mycorrhizal infection on interplant iIi.\~tllswill depend on the physioiogic/ll status of the
\1 I,
I.
))

two plants.

II
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L(I RgSbURCE ALLOCATION MODELS

Plant resource allocation has very important implications in terms of yield of particular

components of crop species. For this 1'0aSOll9 the subject has been the focus of numerous

modelling exercises (see Wilson, 1988 for review). From an evolutionary point of view

a plant has a limited amount of resources available for expenditure, and natural selection

should operate 011 the allocation of these in such a way that maximizes the contribution

of the genotype to following generations (Wilson, 1988)0 This sentiment was repeated by

Perrin (1992) who states tnat allocation patterns directly affect an organisms contribution

to population dynamics and so they will he under strong selective pressure (and this

evolutionary argument forms the basis for the so called teleonomic models described

As with any other modelling erercise, attempts to model resource allocation can be

broadly divided into empirical or mechanistic (with many shades. of grey in between).

Empirical models can be defined as models based all. statistical formulations that best

correlate a set of. observed variables with a response variable of interest (Reynolds.
. '>.. II

Hilbert and Kem-P! 1993). Because of problems frequently experienced in (Jc:tlstructing

mech .nistlc models (eg oversimplifications and discontinuity in the performance)

empirical models of plant growth will always remain useful to experimenters and

modellers, They may also be a necessary precursor to 'the construction of mechanistic

models for the simple reason that they provide accurate descriptive information that may

be necessary for assessment of the mechanistic app~t~aeh, The particular form of the

function used is of 110 special physiological significance, but the accuracy in the fit
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achieved becomes the primary aim. The purpose of this empirical modelling is to

describe reality in a convenient, simple way (Hunt, 1981).

A number of empirical models have been proposed to describe allocation of resources,

In the most simple of these, the relative sizes of resource pools are described using

simple allometric equations. These allometric relations are not the allocation, but rather

the result Of the allocation process (Gray'), This allometric, approach to description of

resource allocation is rather static and in view of the fact that there, is some evidence

that plants may exhibit adaptive allocation "strategies" (Iwasa and Roughgarden, 1984)!

several other empirical approaches have been developed.

The teleonomic approach mentioned above is based on the premise that plants allocate

resources i.u such a way as to allow i:them to achieve some goal. The "goal" may be
I '

maximising growth of the plant (eg Johnson and Thornley, 1987; Hilbert, 1990; Hilbert

and Reynolds, 1991; Gleeson, 1993) or the maximising of the contribution to subsequent

generations (Cohen, 1971: Leon, 1976; King and Roughgarden, 1982;,:,Chiariello and

Roughgarden, 1984; Iwasa and Roughgarden, 1984; Perrin. 1992). The use of these

teleoncrnic models has been the subject of much debate: while some authors have

suggested that certain teleonornic assumptions be adopted as paradigms (Hilbert and

Reynolds, 1991), other .authors have argued that there 1[')110compelling evidence that

plan ts are, sentient creatures capable of forethought or planning (Charles- Edwards, Ooley

and Rimmington, 1986).
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De$pite criticisms levelled at teleonomic approaches, there are two lines of supporting

evidence: Firstly there is a strong logical argument that plants capable of responses

tending towards optimality will be selected for during evolution (Charles-Edwards, Doley

and Rimrnington, g:86). Secondly, models based on te'eonomic assumptions have often

been shown to correspond wen with observed patterns (Reynolds and Thornley, 1982;

Johnson and Thornley, 1987; Hilbert and Reynolds, 1991).

Although the logic of this evolutionary argument seems to be reasonable, the actual

mechanisms whereby plants achieve optimal allocation are somewhat less biologically

understood (Leon, 1976; Chen et al., 1993). In order to gain an insight into the

mechanisms, a number of so called mechanistic models have been developed. As is noted

in Reynolds, Hilbert and Kemp (1993) one person's mechanism is another person's

empiricism. So called mechanistic: models are however, characterised by being made up

of empirical and phenomenological descriptions of the component parts of the system.

an approach which is dependent on a hierarchical view of plant processes (Charles-

Edwards, Doley and Rimmington, 1986). The mechanisms proposed to date can be

broadly divided into two categories (Wilson, 1988): source-sink based mechanisms" and

hormone based uiechanisms although the distinction is often blurred. In the case of the

former, allocation of resources occurs as a result of flux of resources from source organs

to supply the demands of sink organs. The magnitude. of these fluxes is dependent .)11

relative source and sink strengths. Source 1St}'" .gth is assumed to be dependent on the

rate of acquisition of the resource, which is in tum related to the size and activity of the

sout'te organ. Sink strength is dependent on the rate of utilization of the resource, which

is again dependent on the size and activity of the sink organ.
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This proposed mechanism has been formalised into what has been dubbed the "Thornley

approach" (Wilson, 1988) after Thornley (1972 a and b) and applied successfully to several

systems (eg forest growth in Thomley 1991). The model is based on fluxes of substrates

(such as carbon which Is supplied by the shoot compartment or nitrogen which is supplied

by the root). and their utilization for growth. The phenomenological equations describing

fluxes are based on concentration gradients and resistance to flux. while the utilisation

of substrate is described by two-substrate enzyme kinetics. Growth in the shoot and root

are dependent 0:1:1 the concentrations of carbon and nitrogen substrates in those organs (or

meristematic tissue associated with those organs).

Although the vast majority of observations on the plastic responses of plants are compatible

with the "Thornley type" of approach, a number of <1uthOt§have suggested that the simple

translocation / sink models are '1101: adequate to explain allocation in certain experimental

observations. These anomalous situations often arise when the plant has specialised

structures associated with storage ego as in carrots (Benjamin and When, 1980). It is for this

reason t11'-1t hormones have been suggested as integrating agents <. between above and below

ground processes.

Rather than being a totally conflicting theory, the hormone based mechanisms are: an

extension of the < source-sink approach (and it should be noted that .the possibility of

hormonal signals is never explicitly excluded in the "Thornley type" models). According

to the hormone approach, source and sink. strength are 110t only dependent on supply and

demand but also on levels of various plant hormones. From studies based on exogenous

applications of plant growth factors and .thcir synthetic analogues, it has been



shown that these substances may markedly affect plant growth rates and morphogenesis

(Guern, 198'7), Since growth and development is only possible if necessary resources are

available, it has been extrapolated that hormones must exert some controlling effect over

the partitioning of these, From recent literature there are a great humber of papers that

,~es;cribe the effects of growth factors in partitioning, or events \~l~i!?h_mSi-JHiked to

partitioning. Such effects include the regulation of source and sink strength by regulation

key enzymes (eg. the enhancement nitrate reductase by cytokinins [Lu, Ertl and

Chen, 1992Jl or the induction of sucrose synthase by gibberellic acid [Sowokinos and

'lams, 1992] to mention just two) Fluxes may also be regulated by modifications of

ti~ernbrane transport characteristics (Peters and Felle, 1991) or even by regulation of the
h

development of tissues associated with transport (xylem and phloem).

Because of the diversity of possible roles of plant growth factors in regulating

partitioning, hormones have to date, 110t been incorporated into formal mathematical

models of partitioning. However, recently Johnson et al., 1991 incorporated hormonal

control into a model of water flow through plants thereby opening the way for a formal

description based 011 hormonal signals.

Wilson (1988) reviewed both the hormone and the Thornley models and has given a

detailed account of the behaviour of Thornley's model in response to various factors,

including ontogeny, inorganic nutrients and so 011. As a conclusion to this review, Wilson

(1988) suggest that the "Thornley model" should be the mechanistic paradigm for shoot

to root partitioning. This conclusion is based on an Occam's razor (pal simony) argument.
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1.7 REVIEW SUMMARY AND PROJECr OBJECTIVES

To conclude, the discussion presented in this chapter focuses on several key features of

the intcrerop system comprising of a grass and a legume. As mentioned above (1.3), the

general rationale behind legume intercrop systems is that the nodulated legume

component may improve the nitrogen status ·of the whole system. This review therefore

lays the foundation for the experimental and modelling exercises that are discussed in

the following chapters. These were carried out with the primary objective of investigating
.,

this improvement of nitrogen status, Particular emphasis has been plaeed on the

physiological role of the two microbial symbioses which occur in the system, namely

Rhizobium nodules and vesicular arbuscular mycorrhizae. The significance of the legume

nodules is obvious as this association is responsible for the fixation o~:'1;.y.rogen,however!

the role of VA mycorrhizas is slightly less obviour~ VA mycorrhizas are usually

associated with improved phosphorous acquisition (1.5.3.3). However, recent findings

have suggested that VA>.\If. fungi may be important in terms of interplant, fluxes of

nitrogen (1.5.3.2) and it was this possibility that was the rat jon ale for incorporating these

fungi into the experimental design.

'TIle approach followed in investigating the primary objective was thus three ;'old:

1. To monitor the nitrogen and carbon status in a controlled intercrop system as affected

by both nodules and VA mycorrhizas.

2. To develop a mathematical description of the carbon and nitrogen dynamics of the
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svstem, which could. be calibrated using the data generated in 1 above,

3. It was initially hoped that this mathematical budget could be further used t9

investigate the significance of carbon and nitrogen fluxes from the legume to the grass

by way of some form of VAM hyphal connection as discussed in 1.5.3.1 and L5
Ii

However, as is discussed later (chapter 2), the grass failed to enter into a "'{AM
I I
I ,

symbiosis so that the concept of hyphal bridging was not appropriate for this particular

system.
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CHI\PTER2: ALLOCATION OF BIOMASS At"lDN11~OGEN fN AGRA3S/LEGUME

MIXED STAND AS AFFECTED BY NODULES AND MYCORRUIZAS.

2.1 RATIONALE

There were two primary objectives to the experimental work that was carded out: Firstly

to zain some insights into the actual carbon and nitrogen ·dvnamics in a real,
~. . L- J '

grass/legume mixture as affected by the presence of either nodules on the legume

component or mycorrhizal infection; and secondly
)! -. "

allow calibration of the mode!

described in chapter 4 ag:inst real data.

2.2 MATERIALS AND METHODS

2.2.1 PLANT GkOWTH CONDITIONS

The growth period started in mid-November with the planting of 5 seeds of both white

clover and Italian rye in each of 60 15cm diameter (area equivalent to O.0177m·) pots.

The potting medium used was tvt:ce~autoclaved river sand. Once the seeds had

germinated the pots were thinned to two plants per species per pot (ie 4- plants per pot)

which translates to a density of approximately 113 seeds/m- ground for both clover and

rye, A very simple factorial experimental design was used, with two factors (MYC and

NOD) each at 21eveis: +MYC and ~MYC and +NOD and ~NOD as defined below. The

+MYC treatments were lated at planting with 109 of fresh grass root material
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collected from Melville Koppies nature reserve, while the "MYC treatments were inoculated

with 109 autoeiaved toot mcterial from the same site. The inoculum used was thus not a

pure inoculum but rather a mixture of rhizosphere components. Fundamental to this is the

observation that nodule-forming bacteria tend to be highly specific (Downie and Johnston,

19S9) whereas VAM fungi tend to be rather promiscuous (Newman, 1988). The +NOD

treatments were inoculated with 50 ml inoculum isolated as described below (2,2,2) at 1

week .after planting, while the ":NODtreatmenrs received 501'111of the same inoculum which

had been autoclaved. Pots were watered daily; and once a week lOOmi of fertilize!' soletion

(3 ppm phosphorus and 46 ppm nitrogen)(appendix 2) was applied to each pot. No

phosphorus compensation was carried out.

The initial growing period was four weeks whereafter five harvests were carried out, one

every two weeks, At each harvest three replicates were taken at random foreach treatment.

TIl(: plants harvested were separated into their components (roots" ~ stems, leaves and
-

nodules), oven dried at 60"C 1'01' three days. and then weighed on UI1 al1al:y~ical balance, 1'he

only exception to this procedure for harvesting, was the mot harvests (!~)from which a fresh

sample 'was taken prior to drying, This was used for the estimation of mtraradical

mycorrhizal infection, Th1;.~dry mass of this root subsample was calcnlated &$ the product

of the fresh mass of the subsample and a dry : fresh mass ratio. This was then added onto

the dry mass of the remaining s.m'lple to [-",Ivethe total component biomass. The d:ry : fresh

mass ratio was calculated by dividing the dry mass of the sampl . remaining after removal

the subsample, by the fresh mass of the sample remaining after removal of the. sntJst:ln*le

for each sample. In clover the stems were taken to be both petioles and stolons, A

sabsample (or in some cases tile entire sample)
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of the dry plant material was then used for the determination of the nitrogen contents as

described below.{2.2.6).

2.,2.2 ISOLATION ·OF lilllZOBIUM

Active nodules from white clover plants growing :1tthe university were ground up using

a mortar and pestle in a few. drops of the liquid growth medium (Appendix 2). This was

then plated out onto solid selection medium (Appendix 2) on a. lamina flow bench end

allowed to grow up for a day in the dark at 25 "C. Colonies that did net stain red in

response to conge."red were then selected and plated onto a second selection plate. TIns

selection procedure was repeated five times in order to get as. pure a culture as possible

before transfer to the liquid medium. Once in liquid medium the Rhizobium sp. was allowed

to grow up for one week before being applied to the plants in liquid form.

2.2.3 STAINING OF 1100TS FOR VAM INFECTION

Roots were stained according to the method descr+ed in Keske and Gemma (1989), This

method is an improvement 1011 several of the earlier methods employed from the point of

view thct potentially harmful chemicals (particularly phenol and lactic acid in staining and

destaining pro~edmes) are eliminated where possible. In addition, the number of ingredients

is kept to a minimum. The fresh root subsample taken from each plant in each pot was

fixed and stored (overnight usually) in 10ml 50% ethanol. (This



step was not tleC,essary if the mots were to be used immediately for staining.)

actual clearing and staining were carried out as follows:

1. Tissue clearing:

In to disrupt the eel] membranes, so tnat cell contents are lost, the root material

was placed In 20ml of potassium hydroxide (w/v) and heated at 9IJ'C for 45

minutes, This treatment was found to be the most effective in clearing the tissue, without~ ~

causing ton much damage to the cortex. The more rapid approach of autoclaving the

samples for three minutes was found to be very damaging to the cortex,

2. Rinsing and bleaching:

Following the tissue clearing step, the roots were rinsed several times VIIth distilled water

and bleached with alkaline hydrogen peroxide (3m] 20% NJ-l,OH ill 30m! 3% HzOz) for

45 minutes. This was followed 9Y a thorough rinsing in distilled water. Although this step

to lighten dark roots is optional (Keske and Gemma, 1989) It was carried out routinely

Oil all the samples in this study as it was found to give enhanced clarity when viewing

II

3. Acidification:

Inadequate acidification is reported to result in poor binding of the trypan blue to the

VAM structures (Roske and Gemma, 1989), It was therefore i.ecessary to acidify the

samples which were left highly alkaline by the preceding two stages, In 1,~rde!'to achieve

this acidification, thenot .amples were transferred to 20ml of 1 hvdrochloric acid and-



56

left overnight.

4. Staining:

The material "vas stained in trypan blue (0.05110 trypan blue in add glycerol) at 90"C for

45 minutes. Because of the absence of phenol this stain has the advantage of having

relatively low toxicity. It also stains the fungus blue which has greater contrast than

certain of' the alternatives such as add fuscin. The roots were then destained iu I.t~id

glycerol (50mll1 glycerol, 450m1 water, SOml 1q'liHCl).

2.2.4 ESTIMATION OF INTRARADICAL VAM COLONIZATION

There are essentially three methods for assessing levels of infection bused on microscopy

(as opposed to chemical estimation of chitin). The most elementary (and least accurate)

approach is a simple subjective estimation of infectiou levels. Another approach is to

base the estimation 011 !he ratio of microscope fields of view with infection to the total

number of fields considered. Although less subjective than the previous approach it can

easily be demonstrated (McGonigle et al., 1990) that this approach often leads to

overestimation of infection. The last group of methods is based 011 permutations of a

grid or line intersect method, where the infection level is determined from the ratio of

infected intersections to uninfected intersections. The approach followed in this work was

described in McGonigle et al (1990) and represents, perhaps, the least subjective

approach available. Stained ]'01)t5 were cut into lcm long pieces and 10 of these root

sections Vlere mounted parallel to the short axis of microscope slides in glycerine. These
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were observed at a magnification of xl 60, TIle field of view of the microscope was moved

using the stage grsticule to make 10 complete passes across each root seg'11~int There

were thus a tctal of 100 mtersections counted pet plant and therefore a total of 20P

intersections per species per r=plicate.

Except where the cortex was missing, all intersections between roots and the eyepiece

crosshair were scored. Rotation of the crosshair ensured that each intersection was at.

right angles to the klIllg'axis of the toot, At each Intersection, the roots were scored into

one of six categories:

L No fungal material in the root,
I

2. Arbuscules (Plate 1),

3. Vesicles (Elate 1)

4. Arbuscules and vesicles

5. Hyphae but 110 arbuscules and vesicles

6. Hyphae not seen to be connectedto arbuscules .Sr vesicles.

Arbuscular coionisatiorr (Ae) and vesicular colonisation (VC) were calcul, d by

dividing the count for categories 2+4 and 3+4 above respectively by the total number

of intersections examined. Hyphal colonisation (Ht~) was calculated as the ratio of

infected intersections to total intersections,

2,2.5 NITROGEN ASSAY

These were carried out usmg the, Dortch and Nelson (1983) method which is a



Plate 1. Intraradical VAM fungal ~W!!ttures in the toots of the white clover at harvest 5. v-vesicles, a...arbuscules
and hwh~rpllile.All scale bars ca 1.4 I1ID.
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colorimetric method, using a hydrogen peroxid~~slllplmriC:cii.ciddigestion step and an

indophenol blue colour development.

The first step in the determination was to tEgest the plant material, For .this,

approximately 0,1 g of plant material was added to a small amount of selenium catalyst

and 4.4 ml digestion mixture (Ap; adix Ziii), in a digestion tube. These samples were

then digested at 360"C in a f,H'~i; cupboard until the solutions became cleat" They were

then allowed to <':001- and 25!11l of de-ionized water was added. -The solutions were

allowed to cool again and were then made up to SOmi ..vith de-ionized water, Blanks
t ,

were also prepared for use as standards.

For the preparation of the st~, curve" an initial ammonium sulphate stock solution

(0.25 M) was (l:11Jted in two steps. In the first dilution, Sm! was made up volumetrically

to 250 11":11.Following this; O! 5, 10, !5, 20 and 25 ml of this intermediate stock were

added to 4.4 1111 of digested blanks and then dilu ted to 50 ml, This

working standards with NH/ concentrations ranging from 0 M to 5*1~}1iM. 'Three

replicates were made up for each concentration.

For the colour development, Iml from each of the working standards and each of

plant digests was pipetted into ml volumetric flasks. 1 ml of solution (appendix 2iii)

was then added to each of these. 2N NaOH was then added dropwise until the solution

changed colour from pink to yellow, This ensured that the solutions were in the correct

pH range. 2ml of 8 tclppendix 2iii) followed by -lml solution C (appendix

were then added and the flasks. were made up to volume <with water. They
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were then left at room temperature for 60 minutes to allow colour development.

The absorbances were read at 620 nm on a Varian D1\118 90 UV visible
;/

spectrophotometer; For each harvest, a separate standard curve was produced to account

for differences in the reagent solutions (which were made up fresh for each harvest)"

These were constructed by plotting absorbance versus concentration of ammonium

nitrogen and the concentrations of the plant digests were determined from the standard

curve. These we.re then used to calculate the concentration of nitrogen (gN.gDM-l) in

the component.

2.2.6 STATISTICAL ANALYSES

Because of the factorial nature of the treatment structure the statistical convention

generally applied to all measured variates ill this dissertation was to partition the

variances at each harvest by ';vaS\of analysis of variance. This is based on the assumption

that the necessary conditions fOt' ANOV A's were satisfied. The exceptions to this

convention wen~ the comparisons between mycorrhizal infection levels in the +l\10D and

~NOD treatments and the comparison between nodule biomasses in the +MYC and -

MYC treatments, In the case of the former, the data were first arcsine transformed

before running simple 1:\\'0 factor ANOVA's. The arcsine transformation was used

because of the binomial nature. of the data and because t.: 'y were expressed as

percentages, In the case of the latter comparison, simple two factor ANOVA's were

used. Some caution needs to be expressed regal dinz the reliability 'of th':0se two tests. J ~
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because of the low degrees of freedom upon which they are based. However, as will be

discussed later, the general lack of significance of the MYC*NOD interactions shown

in the standard factorial based ANOV A's serves as confirmation of the lack of

significance detected by these two tests, It was decided that the 5% p-level would be
1/

taken as the significance cut-off, All Significant differences are recorded in the text since

these allow parallels to be drawn between onset of infection and impact on plant.growth

and nitrogen status,

2.3 RESULTS

2.3.1 LEVELS OF MYCORRHIZAL FUNGAL INFECTION

Whereas the clover components in the +MYC treatments generally showed reasonable
,-,

levels of intraradical infection (particularly in the later harvests) (table 2.1), no infection

could be detected at any stage during the experiment in the ryegrass, In addition, no

infection was detected in either species in the -l\,fYC treatments, confirming the

effectiveness of autoclaving the inoculum to prevent infection. The high variability in the

levels of infection (reflected by the standard errors of the means in table 2.1) in an but

the last harvest was due to some of the +MYG replicates not being infected.

When comparing the levels of mycorrhizal infection between the +NOD and -NOD

treatments. the levels were consistently slightly higher in the +NOD treatment (although

these differences ate not statistically significant).
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2.3.2 CUMPONENT BiOMASSES

The time serhf,1,data for' the component biomasses of clover and rye are presented in
,c

figures 2.1 ~2:4. Th-e biomass values were calculated by dividing the dry masses in each
\ \ __ .'_-

pot by 0.0177 m::!to convert them to gDM.m,Zground. In addition to these values; nodule

biomasses and shoot.root ratios are also presented below.
/I

'Table. 2.L Le ,'els of. intraradical VAM tUll,\)al infection of white. clover in +MYC
treatments (expressedas a :gercentage). He ::::;;hy:ghq.l colonisation; AC =::: arbuscular
cnlollisation; VC """vesicular colonisation. Data are means of 3 replicates ± SEM.

Harvest= He VC AC

1 +NOD O±O.OO O±O.OO O±O.100
-NOD O::t:O.DO O±O.OO O±O.OO

" +NOD 12.5::t:86.55 2.41±l.O3 4.S3±1.86"" -NOD lO.87±5.01 1.33±O.63 6.01±3.16

" +NOD 2S.22± 10.32 3.63±1.63 6.10±2.54:J

-NOD 14.81±4.38 5.47±L83 6.67±OA7

4 +NOD 33.33± 16.88 6.13±2.87 6.61 :c':2.87
-NOD 13.77± 1.50 4.S3±L15 7,10:': 1.32

.5 +NOD 77.33±6.21 11.03±0.59 51.77±3,98
~NOD 69.13±5.24 lO.aO± 1.78 42.50±4.91

2,3.2.1 "tOTAL BIOMASS

In th't' case of the ryegrass, there was an almost.linear increase in the biomass over the
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84 day growth period (fig. 1b), No significant (p::--'O.05) factor or inter~ction differences

were foand at any oftlie harvests, In contrast, in the clover, the biomass curves differed

markedly for the different treatments (fig 2.1a). This divergence was reflected in the fact

that there were significant differences between the NOD treatments in the last three

harvest (p=0.026, 0.001 and 0.001 respectively) as well as significant differenr ,.s between

the MYC treatments in the final harvest (p=O.042). In all cases where significant

differences were detected, the means for plants with symbionts were greater than the -
I~ i
(\

MYC-NOD treatment, confirming the beneficial nature. of these relationships. No

significant combinational effects were shown at any of the harvests, This may be related

to the fact that there were no apparent differences between the levels of infection of

either NOD Of (\!YC as a result of the presence or absence of the other microbial

symbiotic. partner (see sections 2.3.1.1 and 2.3.2.6). Differences may have been detected

with more replicates or a longer growth period. While the curve fat' the -MYC-NOD

treatment rapidly reached a ceiling value at just over 1 gDM.m<;\ground. the other three

treatment curves were more or less exponential in form, with the +MYC+NOD

having the highest final biomass followed by the ·MYC+NOD and then the +MYC-

NOD.

2.3.2.2 LEAF BIOMASS

Leaf biomasses followed much the same trends as total biomasses in both dover and rye,

Again, there was an almost lmear increase in the leaf biomasses in the rye over the

experimental period (fig. 2.2b) while in the clover, the ~MYC~NOD curve rapidly
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reached a ceiling which was in cbn{l'ast"to the other treatments curves which had an

almost exponential form (fig>2.2a).

Statistically, no significant factor or interaction differences were found in the ryegrass

at any of the harvests. In the dover, differences were detected between the NOD

treatments in the last two harvests this time (p=O.OOl in harvest 5 and 0.011 in harvest

4) while the p value for the third harvest was significant at the 10% level (p=O.087). A

significant difference between the MYC treatments was detected in the final harvest

(p=O.036). Again, nc interaction differences were detected,

2.3.2.3 STEM BIOMASS

{I

The stem biomass components for both clover and ry",' also follow the same general

trend as described for total biomasses (fig 2.3 a and b). Significant differences between
',

the NOD treatments were detected in the last two harvests only (p:=:O.OOl in both

harvests 4 and 5) and between the MYC treatments in the TIl\illharvest (p=0.036). Again

no interacti'on differences were detectable.'

2.3.2.4 ROOT BIOMASS

A<,;would be expected, root biomasses of both clover and lye also follow the same

general trends as the above components (fig 2.4 a and b). The significant differences
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between the NOD treatments detected in the last two harvests had p values ox::b;OOl in

harvest 5 and CI.009in harvest 4 while the differel~ce between the MYC tre.atmeJ.its in the

final harvest had a P value of
Ii

4. No interaction differences were detcctahje.
I':(

2.3.2.5 SHOOT: ROOT RATIOS

~ ~. • I

Although many authors (Wilson 1988) have suggested that shoot :~root ratiof are fairly

eonstaCt or at least developmentally constant, the results of this e?Cperin1lli~taI work
I'; I

" ! I
suggest thot the ratio was in fact responsive to the treatments in the .case or,'plover (fig

r- . 1;1 c

2.5a). Once again the -lifferences were statlstically significaut in the case cf/ the NOD
,I

treatments in the last two harvests (:~i'=:D.OO'in harvest 5 and p::::O.009 in ht11/lvest4). In
, ' 'j

, " <.'

the case of the MYC treatments however, no significant differences were. dete (ted. While

the shoot.root ratio of the control treatment decreased continuously over It-he growth
,

, ,
, I

period, the shoot.root ~-~ldo(if all the experimental treatments increased in jll~elast two
;\

harvests. This call be taken as evidence in support of models which hwe ~ii~ne sort of

responsive shoonroot allocation mechanism «s Gleeson and Tillman, 1992). ,:in;the case
. I _:I

of rye, (fig 2.5"b, there was a general decline in shoonroot ratio over the wI"ble growth
iF, \'

iI'
))

period. ,I;

\"I
'I,I

\
:\

\.\
2.3.2.6 NODULE BIOMASS

; ~
!

As was the case in VAM fungal colonization 3.1.1 above), infection of plants
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by nodule-forming bacteria was confined to the +NOD treatments, confirming the

effectiveness of the autoclaving in preventing establishment of rhizobial infection in the :"

NOD treatments. It is clear from table 2.2 that the establishment of nodules occurs in

tandem with the occurrence of significant component biomass differences between tilt:

NOD treatments (ie from harvest 3 onwards), There were no significant differences in

nodule biomass between the +MYC and -MYC treatments.

I_able 2.2. N'odule bkmlasstls (g)_ in the +NOD experimental tre~ltments. Data moe means
Qf 3 renlicates. +.SEM.

Treatment
Harvest +MYC -MYC

1 O±O.OOO

O±O.OOO

O±D.DOO

O±D.OOO2

3

4

O.1827±O.077 O±O.OOO'"

O.2919±O.049 O.2246±O.078

5 O.3785±O 097 O.2946±O.060

'" = Nodules were present however. theh dry masses were too small to be measurable.

2.3.3 NITROGEN CON'rENTS

2.3.3.1 LEAF NITROGEN

In the case of clover (fig. 2.6 a) there were noticeable differences between the treatments.

Leaf nitrogen of the ~MYC~NOD treatment decreased over the growth period, while in the

other .ceatments the leaf nitrogen generally increased (at least after



72
the establishment'iof symbioses). Significant differences bei~\veel1 the NOD treatments

),

were detected in the fourth and fifth harvest:'; (p","0.012 and 0.001 respectively), CI.l1d

between the MYC.treatments in the last harvest (p"",O/)47), In the ryegrass on the other
( II i_

hand, there were no differences between the trea-inents and generally a decrease in the

leaf nitrogen contents over the growth period (fig 2.6 b).

2.3.3.2 S~rEM NITROGEN

Stem nitrogen patterns in the clover were very similar to the leaf nitrogen patterns.

There was Pi very slight decrease in the stem nitrogen content in the ·MYC~NOD

treatments over the growth period. while in the other treatments there was again a

general increase (fig. 2,7 a). Significant differences were, however, only found between

the NOD'treatments (with a p value of a.on in harvest 4 and a p value of 0.007 in
,

harvest 5), and not between the MYC treatments, For rye, the patterns (fig. 2.7 b) were

also much the same as in leaf nitrogen, although the stem nitrogen contents were

noticeably lower than the leaf nitrogen contents,

2.3.3.3 ROOT NITROG EN

Again" root nitrogen patterns were similar to leaf and stem nitrogen patterns in both

clover (fig. 2.8 a) and rye (fig. 2..8 b). There was again a decline in the root nitrogen

content in the ~MYC~NOD treatments over the growth. period, and an increase in the
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content in the other treatments. In this case, significant differences were. detected
..
I'

between both the NOD and the MYC treatments in the last harvest (p=O.002 and 0.0

respectively) .

2.3.4 MEAN RELATIVE GROWTH RATES

The mean relative growth rates (RGR) for the intervals between harvests were

calculated using the following equation (Hunt, 1978):

(2.1)

t2-tl

where WI! is the biomass at time t1. WrJ. is the biomass at time t2.

In the case •. 'clover, there were large differences in the trends of RGR between the

treatments with ~Wmbj()nts and the -MYC-NOD treatment over the growth period (fig

2.9 a). In the -MYC-NOD treatment, there was a general decline in RGR over the

growth period. In the other three treatments, there was an initial decline followed by an

increase corresponding to the establishment of symbioses (fig 2.9 a). In the ryegrass,

there was a general decline 111 the RGRs over the growth period in all treatments (fig

2.9 b).

In order to investigate the relationship between tissue nitrogen concentration and RGR,
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the leaf nitrogen concentrations were plotted against their respective RORs in fig 2.10 a and

b. Leaf nitrogen contents were chosen because of their role in photosynthesis. This. is

obviously of'key importance in growth, since about 90% of a plants dry matter results form

the products of photosynthesis (Poorter, Remkes and Lambers, 1990). The RGR~s for the
/)

first growth period were omitted because the leaf nitrogen status within this time window

was uncertain and the effeers (If seed nitrogen stores are likely tb ..nave played a large role.

The simple linear regression tilllt was carried out on these data yielded r values of r=0"857

for the' clover and r=O.81~; for the rvegrass, In both species, the fitted Iines.had a positive

slope and negative y-intercept :i:!illue.

2.3.5 BIOMASS VS NITROGt~N CONTENTS

Previous studies for a wide range of crops have shown that, under conditions with sufficient

nitrogen to permit maximum growth, the nitrogen content of crops d.erJ%tied sharply with

increased biomass (Greenwood et al., 1991). In order to investigate the relationship between
\'

biomass and nitrogen content ill this system. the leaf, stem and root nitrogen contents were

plotted against the respective component biomasses for all the treatments for both clover

and rye (fig 2.11 and 2.12 respectively). In the case of clover. it can be clearly seen that

the expected rekf!!ti,:;~shipdoes not hold. In the rye on the other hand there was a sharp

decline in nitrogen content with increased biomass. This
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relationship in the ryegrass was further investigated by fitting the equation (after

Greenwood et al., 1991):

(2.2)

to the data. (fig 2.12 a, b, and c), where N is the component nitrogen content, W is the

component biomass and a and b are constants, The values for these constants are presented

below, along with the variability that is accounted for by the regression (table 2.3).

Ta1)le 2.3. Estimates of thr.t consttttlts a and h (egui1 .2.2) re~ating e01n12onellt (COM£)
nitrogen, content to biomass in It?U_an rvegrass.,

COMP a b r

leaf 6AIE-2 -7.44E~2 0.85

stem 2.81E··2 -1.44E-l 0.78

root 5.0IE-2 ~2.18E-l 0.81

2.4 DISCUSSION

On the basis of previous work that was reviewed in chapter 1, there were a number of

expectations (or hypotheses) for the experimental results presented above. And inevitably,

some of these expectations were satisfied while others pose anomalies, In terms of the

symbiotic components (the VA mycorrbizas and the nodules), there were two noteworthy

findings. Firstly there was no infection of the ryegrass by VAM fungi.
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There are two likely reasons for this: Firstly the fibrous root system of the Italian

ryegrass may capture nutrients with sufficient effectiveness so as to nullify any,

advantageous effects of VA infection. It is thus possible that the costs of the mycorrhiza

exceed the benefits (Koide and Elliot, 1989) and so the host might be expected

(arsuming it is able) to reject the infection. Secondly! Italian ryegrass is an annual and

thii.re seems to be SOI11I£: sort of correlation between so-called "non-host" species and

annual and biennial plant species (Francis and Read, ~994).The implication of this non-

mycorrhizal nature of the ryegrass was that there is no possibility that a cormnun

mycorrhizal network linking the two plant species investigated could have existed. For

this reason, the objectives listed in 1.7 had to be modified to some extent.

The second interesting finding :m terms of the symbionts was that there were no

significant differences in levels of infection by either symbiont in response to the

presence or absence of the other symbiont (with the exception of nodule biomass at

harvest 3). There arc inherent limitations to the statistical analysis used to investigate

this (as discussed in 2.2.7), however, this finding was further confirmed by the lack of any

significant MYC*NOD interactions in the plant variates.

This finding is rather unexpected. Intuitively rt would be expected that the improved

nitrogen status of the +N'OD plants should result in all improved photosynthetic ability

and thus a greater quantity of photosynthates which could become. available to

mycorrhizal fungal symbionts. In addition, the nitrogen fixing ability of nodules may be

limited by phosphorus supply, and ziven the role of mycorrhizas in improved p!losphorus

nutrition,' an interaction of sorts would be expected. A possible reason for this is the filet

\\
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that it was only fairly late in the growth period that reasonable levels of infection

(especially in the case of the mycorrhizal fungi) occurred, It is therefore possible that

differences did not have time to manifest themselves in a significant way, This idea is

supported by the visual differences in infection levels that are apparent (tables 2.1 and

2.2) In the case of the mycorrhizas, the means of the infection levels in the +NOD

treatments were consistently (although not significantly) greater than those in the ~NOD

treatments. This was also the case in nodule biomass where mean biomasses were

consistently higher in the + ivlYC treatments than in the ~M-YC treatment. It is possible

that these differences might 11 been resolved with a greater number of replicates en

longer growth trial.

In terms of the plant variates measured, the most obvious expectation is that all the

biomasses should increase over the growth period unless competition is so great that

there is thinning. In the case of the. clover (figs 2.1a to 2.4a), it can be seen that this ;s

generally the case. The only exception occurs in the ~MYC-NOD treatments, where,

towards the end of the growth period (pen ticnlarly harvests 4 and 5), the component

biomasses increase very slightly, as in the leaves (fig a) and roots (fig 2.4 a), or

decrease as in the case of the stem biomass (fig 23 a). This levelling off of the growth

curves in the ~MYC-NOD treatment is also reflected in the decline of relative growth

rate (fig 2.9 (1).

This also hold for the ryegrass (figs 2.1b to 2.4b) and here there were no differences

between any of the treatments. This IS contrary to the generalisation that the addition

of mycorrhizal inoculum produces a positive effect upon the legume component in grass-
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legume mixtures at the expense of the gt;ass (Francis and Read, 1994). A possibl~ .reason

for this is that the planting densities were Iow, 80 the competitive effects may also have

been low.

When considering the leaf nitrogen contents in relation to canopy RGB., the situation

in clover and rye ale not very different ~fig.2.10 a and b respectively). In the both cases,

the relationship appears to be almost linear (in clover .1=0.857 and in rye 1'::::::0.813)and

both lines extrapolate to zero growth at positive nitrogen contents (ie have a positive x

intercept) confirming the observations of-Levin, Mooney and Field (1989). Levin et al
c

(1989) use this as a justification for reformulating the growth model of Agren and

Igestad (1987) whicb.was based on the equation :.

d(lnW)/dt==a.n (23)

where d(1nW)/dt is the RGR; a is a growthconstant; and 11 is t~e nitrogen content The

implication of this equation il that growth does not stop at very low nitrogen contents,

despite the fact that at low nitrogen contents photosynthesis may be zero. One approach

to circumventing this paradox is the approach proposed by Levin et at (1989). Another

is to define growth as a function of either carbon or nitrogensubstrate concentrations,

depending on which is most limiting. In this way, if the photosynthetic rate becomes zero

due to low nitrogen content, the carbon __substrate content will decrease rapidly and

growth will be limited, This latter approach is the approach used in the growth model

described in chapter 4 (equns 4.21).
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The apparently linear relationship ~~tween RGR and leaf nitrogen contents also .leads to the

prediction that in the ryegrass and in the clover -MYG·NOD treatment, .the mean RGR

should decrease over the growth period and this is in fact observed to be the case (fig 2.9).

However. in the case of clover in the experimental treatments, the establishment of

symbioses clearly perturbs the system. This perturbation leads to the breakdr; '11 of the

'/ ..
expected relationship between biomass and nitrogen content as seen in fig. 2.11. 'There arc

noticeable increases in the nitrogen contents and therefore RGR..:;;corresponding to the onset

of infection (fig 2.9 a). The observed linear relationship provides a reason why clover'

responds so well to infection by symbionts, Growth is clearly.limited by relatively poor

nutrient acquisition rather than photosynthesis so that a large carbon substrate pool' should

develop which can supply nitrogen acquiring symbioses. This is as would be predicted:

firstly the dover roots have to compete with the very efficient (Francis and Read 1994) and

large (fig 2.4) fibrous roots of the ryegrass; and secondly the clover plants have higher

potential photosynthetic rates (Papadopoulos i992).

It is also expected that the nitrogen contests should decline over the growth period

(Greenwood et al 1991). The reason being that as plants grow they contain increasing

proportions of structural materials that contain little nitrogen (Lemaire et al 1992), The

corollary to this is that with increasing biomass, nitrogen content should decrease. From fig

2.12 it is clear that the corollary holds fairly well in the case of rye, however, in the case

of clover (fig 2.11}, the expected relationship does not hold. The reason ".tor this being that

the formation of symbioses perturbed the nitrogen acquisition process.
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Another generally observed trend in herbaceous plants, is that there is an increase in the

shoot.root ratio as the plants grow (Wilson 1988), However. under suboptimum N-

nutrition, root growth may be enhanced at the expense of shoot growth (Belanger, Gastal

and Warembourg 1992; Smolders and Merekx 1992). This is in line with the Suggestion

that planes mav be capable of cptimal foraging (Gieeson 1993). The mechanism whereby

this is achieved may simply be, that after nitrogen has been taken up, the roots retain

what proportion thf.':."need, before any is partitioned to the shoots. Thus under

conditions of suboptimum N uptake, the roots still retain their nitrogen requirements,

leaving less nitrogen to be allocated above ground. Becausegrowth is related to nitrogen

content, this imbalance in the. nitroaen contents mariifests itself in the form of reduced
'-' "

above-ground growth relative to below-ground growth, and thus a decrease in the

shoot root ratio. However, when the system is perturbed from suboptimalN uptake (e.g

by adding a fertiliser boost, or by the formation of symbioses that facilitate improved

resource acquisition), it is expected that plants should respond with increasing shoot.root

This situation appears to be the case in the results described above: there is a general

decrease in shoot.root ratios over the growth period in rye (fig 2.5 b) as well as in the -

lVfVC-NOD treatment dover (fig 2.5 (1). However, there is a statistically significant trend

towards increasing the shoot to root ratios associated with the +NOD treatments. In the

case of the +MYC treatments the trend is not statistically significant, however, it is

noticeable (fig, 2.5 a) and it is: possible that the significance of this trend could have been

established with a greater number of replicates, or a longer growth trial,
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Plate 2. Photograph of ilia four treatments at harvest 5 ShbUJlllUI'1 the
d..unclabovegrounddlfferenco._n .. _In tit. wtil,".clOV. er__j ...'.. ' . .plants, and no apparent differences betwaan the Italian. ryegras('l. .

L. ~_. .~..• ~. _._. __

To conclude, under the growth conditions described above (2.2J), the nerformance of
"

white dover in the mixture was significantly enhanced by both the establishment of active

nodules and a vesicular-arbuscular mycorrhiza (plate 2). This was without any noticeable

detrimental (or positive) effects on the Italian ryegrass component in the mixture. This

result is difficult to assess in terms of real agricultural applicability" because of the

obvious dangers associated with scaling up from pot data. to field datil. However, it is

likely that in clover / ryegrass mixtures grown under nutrient-limited conditions, the

formation of plant microbial symbioses may result in either improved performance of

one or both of the components, or ill shifting the competitive balance.
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CHAPTER 3: CANOPY PHOTOSYNTHESIS IN A MIXED STAND

3.1 INTRODUCTION

Because plants derive energy and fixed carbon from photosynthesis, it is inevitable that

studies of photosynthesis and the carbon economy should be at the forefront of comparative

plant ecology (Osmond 1987). In addition, approximately 90% of a plants dry weight

originates from the products fixed in photosynthesis (Poorter, Remkes and Lambers 1990).

Much of the ecologically relevant work to date has been directed towards small- to large-

scale integration of CO2 acquisition (eg. from leaf to canopy photosynthesis) (Rastetter et

al 1992). Models describing plant growth are frequently driven by such integrated canopy

photosynthetic submodels (eg Johnson and Thornley 1983; Papadopoulos 1992).

In this chapter equations describing the canopy photosynthesis of the component species of

equal ages In a binary Canopy are derived. As will be discussed later. canopy photosynthesis

is intimately related to leaf area distribution within the canopy. It is for this reason that the

photosynthetic equations derived were combined with a canopy growth model which allows

the description of changes in the distributions of leaves as photosynthesis progresses. These

two components are incorporated into a computer program MICSIM (Appendix Ii) in order

to simulate the processes of growth and photosynthesis. The variables. constants and

parameters used in this model are listed and defined in appendix 3. Although the system

in question is essentially continuous.
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difference equations were used to describe the dynamics, This discrete nl't,~bHing

approach is essentially the same as the method for numerical integration and is
'-' --

therefore prone to truncation errors. errors are, however, offset by the simplicity

of the method (and therefore speed of processing).

3.2 THE GRO\~ITHMODEL

Canopy architecture (and in liaFtjcular leaf area distribution) is a crucial factor ill

determining the light attenuation properties through a canopy, particularly in a binii':-Y_

canopy (Rimrnington 1984). There are a large number of possible configurations (see
I

figure 2 in Rimmington 1984), however, for the purpose of this model it is assumed that

there are only three: both species are equally high (fig 3.1 condition 3) or one of the

species overshadows the ether (fig. 3.1 conditions 1 and 2).

The canopy can thus be divided into two.regions: the upper canopy where photosynthesis

is the same as in a monoculture and the lower canopy where there is mixed canopy

photosynthesis. The light incident on the upper canopy is simply 'T' while the light

incident on the lower canopy [I(1ow)] is described by (Rimmington 1984):

I(low) = r~exp(a)*exp(b) (3.1)

where a is -Kl~'L1UP and b is -K2*L2UP. Ki(i=1,2) is the canopy extinction coefficient

of the leaf tissue for species i. LiUP (i"'"1,2) is the cumulative leaf area. index of species
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CONDITION 1 CONDrnON2 CONDlTION3!II

II,.

I
I

Fig. 3.1. Possible canopy oonfigurations of a mixed stand
considered in this modal.

__ J

i in the upper canopy.

In order to describe changes in tll\' .canopy architecture the photosynthetic equations

deJ'eloped below must be combined with a dynamic growth model. The purpose of this

model was not to simulate any particular data set, nor to reproduce quantitatively what

occurs in a "typical" mixed canopy, but rather to assess the functioning of the

photosynthetic equations developed below on a qualitatlve 'basis (ie were the trends

biologically reasonable). For this re-ason the growth model used was a rather crude

model with a number of important assumptions. Firstly, it was ass(t~~~-..,,__'(that the activities

of the canopy were independent of any below ground processes. It was also assumed that

there were no changes ill the light environment (either the intensity of light or the

photoperiod) over the simulation period, and that the processes are independent of

temperature fluctuations. Also the density of plants in the canopy was assumed to be
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constant (ie no thinning occurred) as was the allocation of photosynthate to leaves and

sterns.

Thirteen equations describe the growth of the canopies and the various components of

these canopies. Channges in biomass fire described by:

(32)

Where W;(t)is the biomass of species i at time t, Wil,.!) is the biomass (~1 species i at t-I,

Pi is the photosynthetic inputs into the system over the time period L M is the

maintenance respiration coefficient and Y is the efficiency with \\;liicJl photosynthates are

converted-to biomass. These latter two variables ate assumed to be the same for both

species in this model.

Changes in stem masses are described as follows:

Where Si(t) is the stem mass of species i at t~I11et, and Si(t- 1) is the stem mass at time

t~1. .FSi 18 the stem allocation coefficient for species i.

Likewise, changes in the leaf masses ate described by:

L .,. L··.... .)) . 'N· ,r "" \V ).,*,"\.l '!' IC'L ' " ...1 ').(t) == ,w,: + t ~~'.l .. i'q) , 1 "1"' ,1 (I:::::' ~w.• (3.4)
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Where U(i) is the leaf mass of species i at time 1. and U(t-l) th't leaf mass at time

t-I. FLi is the leaf allocation coefficient for species L

Stem: Leaf ratios (SLi j:::::l,2) can then be defi.led:

'"'L· .... S' JL ('··t ?)CI itt) :::= 'i(l)' ill) .1== ,~. (35)

and the height of the 1:\\10 species' canopies can be calculated using allometric

relationships between stem mass and height (H.i):

Hi "" Bi*(SilNi)Gi (i"""1,2) (3.6)

Where Hi is the height of species j, Hi and Ci are allometric coefficients and Ni is the

density of plants in the stand. Density of plants is incorporated here since the -Si is the

stem mass fer the entire canopy, while the allometric coefficients are applicable to

individual plants. This approach is similar to that taken by Hara (1984), except that here,

height i~related to stem mass rather than total biomass. The advantage of the approach

used here is that it is possible to incorporate an optinnzaticn step for allocation to leaf

and stem biomass, based on maximising photosynthesis (although this is net attempted

in this model).

Using the variables defined by th es f.' equations it is; possible' to define the architecture

of the canopy. As mentioned above three configurations are considered (fig. 3.1):
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( OJ HI sH2
FIlU ~ 'I

t Hl~H2~ H'l >HZ

I 0,
H2U = {

lH2-Ht

H2sHl
(.:La)

H2>Hl

I HI,
HIL = i, If?l l.w.

HlsH2

Hl>H2

[ H2,
FI2L = {

lHt
H2~Hl

(3.10)
H2>Hl

Where B] is the height of the upper canopy of species I;,H1L) is the upper canopy of

species 2, HIL is the height of the lower canopy of species 1 and H2L is the height of

the lower canopy of species 2. Upper and lower canopy leaf area indices can then be

calculated:

I 0, HlsH2
LA1U ~.~

l I.(Hlu/Bl)il(l II'Nl "SL1 "'SLAl! Hl? HZ
(3.l1)

r 0, H25Hl
LA2tJ = {

t !(H211/B2_)'!c&]*N2'!ISL2*SLA2! H2>Hl
('" 1'1)j, ,,,,

LAIL = I(HIL1Bl)Uc1r'Nl"SLl'I'SLAl (3.13)

(3.14)
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Where LAlU and LAlL are the upper and lower canopy leaf area indices of species 1

respectively, LA2U and CA2L are the upper and lower canopy leaf area indices of

species Sl,Ai (i~ 1,2) is the specific; leaf area of species i.

3.3 PHOTOSYNTH~TIC EQUAT'IONS

111addition to canopy architectare considerations! a number of other factors need to he

considered when scaling up from photosynthesis of individual leaves through many

leaved elements to collections of leaf elements making up au l'i1tAre canopy. rfhe

architecture of the canup>, in terms of mean leaf inclination angle and the horizontal

layers of leaves require a more complex description of canopy photosynthesis than that

given by the product of photosynthetic rate pel' unit leaf area, the specific leaf area, the

leaf akbcation coefficient and the biomass of the canopy, T11e age structure of leaves all

individual, plants or in the canopy of a collection of plants also needs to be taken into

account when fixing a value, for canopy photosynthesis.

Photosynthesis for individual leaves (PI) in response to irradiance r-an be conveniently

described by a rectangular hyperbola given by the expression (Johnson and 'Thomley

1983):

PI """AlVl*A*I/(AM + A"l) (3.

where, AM is the light saturated rate of photosynthesis; A is the quantum yield efficiency
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and I is the irradiance projected onto a horizontal surface.

From this point on the mixed canO'I1Yis assumed to be made up of two Independent

canopies: an upper and- a lower canopy linked only by the fact that l(klVll) is dependent

on the properties of the upper canopy (equation 3. I). Equations for canopy

photosynthetic rates for the upper and lower can(,)pycomponents of the two species can

then be determined by substituting 1 into equation 3.15 and integrating throughout the

canopy <1.$ follows:

From equn 3.1 above it is evident that the light absorbed by the upper canopy of species

t (II up) is:

Ilup := exp (~Kl*Lll)P) := u (3.16)

then by manipulation of this equation;

dtl UP := duz-Kl "u (3.17)

so that

(3.18)

Where P1UP is the instantaneous canopy photosynthesis of the upper canopy component
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Substituting l1up ,"";10 exp «XPLIUP) into equation (3J8):

Plup :::0 (Ii At"I*exp.(J!}"AML" du ..
J I AJ*I'kexp(a) + AMI -Kl+u

(3.19)

- I'll~J'ileAMl.
J 1 Al'llI*exp(a) + AM

(3.20)

Let A1*10 "" ,. and AMI"'" Y then

P'lup = ('tl ~~ __ . dl!
J I x=u + Y -xi

(3.21 )

=..l t x!~y . du
I",.Fl I x"'u + y..'
.. .. U iI

::::;x*y e 1 . du
K1 j u ",""u + y

(3.23)

==.JLlnx+y'.
Kl x*u +y

(3.24)

Substituting for x, y and u:

Plup =: A1tU In AJ *J + AMl
Kl A1*1 exp (~Kl*LlUP)\ + AMI

\!,!

(3.25)

species 2 were higher than species 1 then Ll UP would ..be zero and so to would P lup,

Using a similar derivation it is possible to find an equation describing this canopy

photosynthetic rate of the upper canopy component of species 2 (P2up):

\j\

P2up 8: AM2 In ~.A2*I + AM2 ~==~
K2 A2*I exp (~K2*L2UP) + AM2

(3.26)
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For the lower canopy photosynthesis for the two species

I, the incident light flux density at a certain height m the canopy is given by

(Rimmington 1984):

(3.28)

Let c "" ~Kll<LlLO

And let exp( e) "'" u

Then by substitu ting for c:

dL1LO "'" du/~Kl*u (3.29)

As for the upper canopy, P210w (the instantaneous canopy photosynthesis of the lower
,

canopy component of species 1) Can be determinedby substituting 1 into equation 3.15

and integrating throughout the canopy as follows:

P'l lo s= til Al. *Jlo*exQ(d)*ul't:-\MJ. . ~ du .
J 1 Al *Ilo*exp(d)*u + AMI ~KPu

(3.30)
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Let Al *llo*exp(d) = x and A1\11 "" Y then

P'l ln>= (Ii . x*y .• dtL
J! x*u + y -Kl

(3.31)

== L e X"'y. . du
Kl J II x*u + Y

(332)

:= x'v e . du
Kl J II x*u + Y

"'" _y_ In x + y
Kl x=u +y

(3.34)

Substituting for x, y and u:

PlIo = .bMl ,~In . A]*I*ex12(a+b~xg(d) + AM1 ..
Kl APT"exp(a+b)*exp(c+d) + Arvll

Similarly, for species 2:

P210 "'"AM2 $ In A2"'I*eY2(a+b)~'exp-(c) + AM2
K2 A2*l*exp(a+\b)*'exp(c+d) + Alv12

(3.36)

This gives four equations that describe the instantaneous canopy photosynthesis of

species 1 and 2. These are then converted to daily integral by assuming that I is constant

throughout the day (Johnson and Thornley 1983):

PIUP "'" DAY*AMl In Al*l/DAY +AMl_,~_
K2 Al*I/DAY exp(·Kl*LllJP) + AMI

(3.37)

(3.38)
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PILO "'" DA Y"'Aivl1 In ",~i\l !i:IlDAY*exp(a-t-b)'~ex.Q{dL± AMI
Kl Al *I/DA ")'*exp(a+bY'exp(c4 d) + ruv11

,..,"'9'(J.~").)

P2LO = DAY*AM;f; In ~A2~[/DAy~Jexp{a+bl*exp(c:t +AI\/(.2 .!'

K2 A2*I/DAY"'exp(a+b)*exp(t:+d) + Atv12
(3.40)

Pl=PlUP+PlLO (3.41 )

P2=P2UP+P2LO (3.42)

3.4 SIMULATIONS

The model was written in FORTRAN (Etter, 1993) (sec appendix 11) and run on ?

386d-x:personal computer. Values for the photosynthetic parameters for simulations were

taken from a previous study of the growth of plants ill a mixed canopy of Itttli~n rye

grass and white clover (Papadopoulos 1992). Species I represents the rye grass, a}ld

species 2, the white dover. The simulation was rUI1 at 1:\\10 different light intensities (vis,

normal light and 1/2 normal light) to investigate the response of the canopy to different

light regimes. Simulation results for these two scenarios are presented in figures and

3.5 DISCUSSION

The primary objective of this model was not to simulate growth of the plants in the
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Fig 3.2. Simulation results for: a. upper canopy photosynthesis (PUP); b. lower
canopy photosynthesis (PLO); c. biomass; and d. height with the value of I set
at 1.B7E+ 7J/mf1lday (P~pad()poul()s 1992).
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Fig 3.3. Simulation results for: a. upper canopy photosynthesis (P~P); b. lower
canopy photosynthesis (PLO); c. biomass; and d. height with the v~lue of I set
at 9.35E+6J/rn:'Yday.
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Fig 3.4. Grass:legume biomass ratio indicating the relative competitiveness of
the grass and the legume in the canopy when simulations were carried out ;:it tIN·o
different light intensities (I).
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particular binary canopy investigated in chapter 2 but rather to develop a description of

photosynthesis in a mixed canopy which could be used in a more comprehensive growth

model. In addition, the criterion for accepting the model was not that it simulate

intricacies of growth in the real system but rather, the model 'VIas accepted on the basis

that the simulations were intuitively reasonable. For this reason the output variables

presented were not necessarily parameters that were measured experimentally or

described in the previous chapter but were chosen to allow intuitive assessment of the

description. Despite this, the values for parameters used in the simulations did come

from experimental data and it is thus expected that broad trends. and in particular trends

associated with different light regimes, should be simulated.

As is expected, the higher of the two species (species 1 in this case) came to dominate
I
I

the canopy in terms Of photosynthesis and .bioQ (fig 3.2 a and b). In Ul.:'tnS of the

model, height and growth are intimately linked: the species that is higher, will dominate.

PV,-,R .synthesis as a result of shading. This is equivalent to a form of "interference"

co npetition (Began, Harper and Townsend 1986). 'TIle net result (}f this is that species

1 accumulates biomass more rapidly. In fact, towards the end of the simulation. growth

period, the biomass of species :2 began to decline, suggesting that senescence of plants

or tissue was occurring due to the interspecific competition. As was noted above (304),

species 1 was defined by parameters derived from rye grass, and species 2 from clover
-, - !J

.,

and so the general experimental trend of the grass being dominant in the canopy (see
J!
\!

chapter Z) IS reproduced by the model.

I

It has been also observed that VJhfD dover and rye are grown together t,ride.~ shaded
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conditions that the grass rna)!' no be as dominant (Gray 1993 personal

communiearion). From simulation 0" t zrowth ,,(,t·· 10' ""<"i"1'!.1"f111' (f'l·tl ..·,' 1"1"" , S• , ,,'- 1 ~ ~ ~ 0 .y" ~ t \. t:: ' c,:n ve een

apparent when the grass.legum •.:;brcmass ratios ate compared for

This is further for the validity of the It can thus be

that the simulations are intuitively reasonable, that the br trends are iH llne with

genet:Hl experimental observations, and that the model canopy responds to changes in

the light regime in a quantitatively similar fashion to observed tendencies It is thus

reasonable assume that the model is suitable for incorporation into an integrated

model.
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CHAPTER INTI~GRAtrED PLANT GROWTH .MODEL

4.1 INTRODUCTION

The plant growth model presented in the previous chapter most simple

form plant growth mode], where growth of all pl,'lnt parts is set as dependent on- a

carbon substrate as supplied bv photosynthesis. Bask to this ap preach is the assumution
'-' c.:I \\ """. ...

~ n

that there is no decoupling of growth rate frd:i:\1 photosynthetic: rate, From a purely
'\
\'

theoretical point of view, such an approach has the ~isadvantng<t' that the activities of all
.'

orgrU1sare dependent on HH! activity or one and this ta~\ lead to an t:xaggeration of the
ii -,

dominance of that organ in predictions of whole plant responses to the environment

(Raper et ttl 1977).

In addition, although at first glance the simulations may resemble the actual data. closer

inspection J eveals that there are a number of noticeable differences. Firstly, there is a

very large magnitude discrepancy between the final modehplant biornasses and the real

biomasses. It is possible that the magnitude gap could have been narrowed (either by

incorporating a description of senescence or by calibration ot the input variables).

However, no amount of calibration would allow the reasonable simulation of the

experimentally observed trends described ill chapter 2.

Therefore, in this chapter, a more comprehensive growth model is described, in which

growth is ;.1 function of both below ground and above ground processes. The basic

structure of the model system IS shown in fig 1. Unlike the. Thomley (1991 j forest



roots, nodules and mycorrhizal fungi) comprise two substrate pools

up the ectal dry matter of the component 1 (equn 4.1)

Dl'v!i= vIIi +Ci+Ni (4.1)

where Wi is the .rructural fraction (g; structure.m ~ground) of component i: Ci is the

carbon substrate (gC substrate.m=ground) in component i; and Ni is the nitrogen

substrate (gN substrate.m/ground) ill component 1. The substrate concentrations (CCi

and CNi) in component i ale then calculated HS follows:

CCi=Ci/Wi (4.2)

and

CNi=Ni/\Vi

For output purposes, the total nitrogen concentration ill ~ompollel1t i (NDi)0. is also

calculated:

NDi=(Wi*Qi+Nt)/DMi (4.4)



Fig 4.1. Flow chart for ;ilie sequence of events in the plant
growth model. "
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where Qi is the nitrogen content of structure (gN.g structure"). This allows the direct

comparison of the outputs with experimentally determined nitrogen contents,

The dynamics of the system are described by applying the algorithm summarised in fig 4.1

to each compartment. The algorithm iterated once per day. Because the status of each of

the three pools in each compartment are updated three times per iteration, they are

effectively updated three times every day. Day length is assumed not to change .over time.

This assumption can be justified for this particular model since the simulation period "vas

only three months which is about one season. However, if the simulation period 'were to be

extended, then it would be necessary to incorporate a function (eg, a sine function U3 used
t

in Papadopoulos [1992]) describing seasonal changes in this parameter. The same wqtlJ~

also apply to mean instantaneous light flux density above the canopy (I). In addition,

temperature is assumed not to play any role in the rate at which various processes take

place. This can again be justified by the fact that the simulation period falls within one

season. Extending the applicability of the model is again a relatively simple exercise which

can be achieved by including functions describing how certain rates may change with

temperature as described by a sine function,

4.2 RESOURCE ACQUISITION

Photosynthesis ~The photosynthesis submodel used in this plant growth model is almost

identical to the model developed in the PH~VIOUS chapter. The only modification is that
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the 1\'10 variables: quantum yield efficiency (Al and A2) and the light saturated

photosynthetic rate (AM1 and A112) are not held constant, but rather vary with leaf

nitrogen content (NDLi. i==: 1,2)0 It is assumed that the relationship is linear (as in Hirose

and Werger 1987) (equns 4.5 and 4.6):

(4.5)

II

A· . ''''''N'l~~'. 'f'
1~C! T" I

'.,

(4.6)

where ci and ei are the slopes of the lines in species i, and eli and fi are the y-intercepts,

It is possible that this assumption may be a bit restrictive, ill terms of Illude] flexibility.

However, it can be justified on the basis of the growtH conditions of the experimental
!i

plants. Were the model to be applied to a situation! where nitrogen was available in

abundance, then a rectangular hyperbolic type of function may be more appropriate.

Nitrogen uptake - To summarise, section 1.4.1, there are a number of important factors

to consider when attempting to model mineral acquisition: Firstly, it is necessary to

incorporate some index of root size (often length), ..uitl its growth over tittle: secondly,

nutrient uptake into the mots as h\ function of.the nutrient concentration in the soil

solution of the rhizospherc and root activity must be considered: and lastly, nutrient

transport from the bulk soil solution into the rhizosphere is an important' feature.

In order te, account for zones of depletion and the importance of diffusion geometry, it

is assumed that the soil is divided into two pools: The bulk soil, which is the ultimate
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source of all nitrogen (except for that which is fixed by the nodules); and the rhizosphere

or depletion zone of soil which is within the sphere of influence of the absorbing surfaces

of. the roots and mycorrhizal fungal hyphae.

Flux of nitrogen between the bulk soil and the rhizosphere (gN.day"l) (URH) is defined

by the following equation:

URH = k3'~(CNS~CNRH)/RESl (4.7)

Where eNS is the concentration of nitrogen in the soil (gN.m·3 sail): CNRH is the

concentration of nitrogen In the rhizosphere (gN.m<l S()i1); RESl is the resistance to flux

(day); K.:5 (ml)is a scaling function (Thornley 1991):

K3=VS*VRH/(VS+ VRH) (4.8)

Where VS is the volume of soil (m") (equn 4,pe); VRH is the rhizosphere volume (m")

(equn 4.11d).

TIH~first step in developing a description of nurrien .•t uptake from this soil system is to

define the geometrical properties of below .ground compartments (mots, mycorrhizal

l:ungal hyphae, rhizosphere and bulk sollj.From the mot and mycorrhizal biomasses t}~e
(;\\

lengths (m.rrr'ground) of the roots of the two plant species; and of the fungal hyphae can

be described as follows:



LR1(t)=Rl(t)/(1T'~RRll'P.PRl)

LR2(t):=:;R2(t)/(rr*RR2z*PR2) (4.9b)

LM(t)""'MYC(t)/(-j'r'I'RM1~PM) (4.9c)

where Rl,R2, and MYC are the structural biomasses (gDm.nf2grourtd) of the roots of

the, two species and the mycorrhizal fungal hyphae respectively; RR1, RR2 and RM are

the mean radii (m) of the roots of species 1, 2 and of the hyphae of the mycorrhizal

fungi respectively; PRe PR2. and PM are the densities (gC.m"3) of the root tissue of

species 1 and 2 and of the fungal tissue.

Surface areas (m2) of the roots of the grass (SAl) and the legume (SA2) and of the

mycorrhizal fungal hyphae (SAM) can also be calculated:

SAl(t)=2*'1r*RRl *LRl(t) (4. lOa)

SA2(t) '1:7r*RR2"LR2(t) (4. lOb)
( L. "

SAM(t) ""'Z*'1t*RM*LM(t) (4.10c)

Finally the volumes (nr') of all the below ground compartments can be calculated;
, .'"1'

VRl(t)= Rl(t)/PR 1 (4.11a)



VR2(t)=:R2(t)/PR2

11:3

(4,l1h)

VM(t)=MYC(t)/PM

VRH(t)=={ 1i"'(RRl +D)2*LR 1(t)~VR1(t») + ('IT*(RR2 +D)zc':'LR2(t)~

VR2(t»+ ('ii*(P,.M +D)):JecLM(t)" \/M(t)) (4.11d)

(4.Ue)

where VRi (i= 1.2) is the volume of the roots, of species i; VM is the volume of the

fungal hyphae; VRN is the rhizosphere volume; VS is the soil volume; D is the mean

thickness of the denletion zone (m): and 'r is the total volume of the below ground

system (assumed to be 1m3 for this mCJel).

Uptake (gN.nr2groulld, day") by the roots of the grass and the legume species (U 1 and

U2 respectively) and by the mycorrhizal fungal hyphae (UM) can then be described by

the following equations which are similar to those developed by Brugge (1985). They are

based on Michaelis-Menten aynamks and allow for the uptake rates 11) be: limited by

either low carbon substrate levels (CCRi and CeM). or high nitrogen substrate levels

(CNRi and CNM):

(4. 12a)U] '"" VMAXl*CNJU-l * SAl *' CCRl

(KMl +CNRH) KM4+CCRl

*

1+CNR1/JNl



U2= VMAX2.*CNRl-! "' SA2 * ~CR2~._. * 1

(K.rv12+CNRH) Kl\l1S+CCR2 1+CNR2/JN'2

ll.:.!

(4J2b)

UM= _VMAX3*CNRH 'i! SAM * CCM '" _.. J__..._. (4. 12c)

(KM3+CNRH) KM6+CCM 1+CNM/JNivI

where VMAXi (i~ maximal uptake at saturating levels of CNRH (gN.m·2root

surface.day"); KMi (1"'"1-3) = CNRH where V= l/.2Vl\1AX (V is the rate of uptake): SAl

(i= 1,2,M) is the absorbing surface area of the roots of either of the two plant species

or of the mycorrhizal fungal hyphae (m-absorbing surface.miground); KMi 0",,,4·6) is the

concentration of carbon substrate in the 1'00ts of species i or 111 the fungal hyphae at

which uptake is half the maximum rate: and JNi (i=,1,2 or M) is nitrogen uptake

-inhibition constant fer i.

The only source of nitrogen in the system other than the bulk soil is nitrogen fixed by

the nodules associated with the legume. Fixation (FIX, gN.m·.!ground.day I) is described

as the product of nodule biomass (DMN, gDtvLm<!ground) and the specific nitrogen

fixation rate (SNFR, gN.gDNl"I.day·i) (equn 4.13). This is based all the theory that

fixation is not limited by carbon supply other than indirectly through growth limitation,

but that it is in fact limited by other physical factors in the nodules (Vance and Heichel

1991) (see section 1.5.2).

FIX=DMN*SNFR (4.13)
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In terms of the algorithm sh~:vl1 in fig 4.1, the status of all of the pools that are directly

affected by acquisition processes of photosynthesis. nitrogen uptake and nitrogen fixation

are updated as follows:

Carbon substrate levels -

CL1(t)::::oCL1(t'I)+ PI (4. 14a)

(4. 14b)

(4. 14c)

(4~14d)

(4. 14e)

CN(I)= CNO_1)"(CFIX*FIX) (4. 14f)

where t represents the present status and t~l represents the status after the preceding

update; Cl.I is the amount of carbon substrate in the leaves ol the grass (gGnrZground);

CRl is the amount of carbon substrate in the mots of the grass (gC.m-2grouud); RUl

is the utilization of carbon substrate for uptake in grass roots (:~C.gN·!),CL2 is the

amount of carbon substrate in the leaves of the legume (gC.ltfZground); CR2 is the

amount of carbon substrate in the roots of the legume (gc.m·2ground); RU2 is the
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',!tiliztltion of carbon substrate for uptake in legume roots (gC.gN·l); eM is the amount

of carbon substrate in the mycorrhizal fungal hyphae (gc.nrZgrc.und); RUM is the

utilization of carbon substrate for uptake in mycorrhizal hyphae (gCpN-l); eN is the
\1 - .... "

,
amount. of carbon substrate in the nodules (gc.m<:!ground); CPIX is the utilization of

carbon substrate for nitrogen fixation in the nodules (gC.gN"L).

Nitrogen substrate levels ~

(4.15b)

(4. 15c)

(4.1Sd)

(4.15e)

(4.15f)

where NRI is the urnount of nitrogen substrate in the roots of the grass (gN.m~2ground);

NR2 is the amount of nitrogen substrate in the roots of the legume: NM is the amount

of nitrogen substrate in the VAM fungal hyphae; NN is the amount of nitrogen substrate
I

in the nodules; NRH is the amount of nitrogen in the rhizosphere; N3 amount of
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nitrogen in IDesoil; and F is the rate o_Li:ertilizer application (gN.nr2ground.day·l). Itshtl'i:l1d
r, -r:

be noted that no distinction was drawn between nitrate and ammoninm. in the soil or

rhlzosj::helrc
!,

Where necessary, concentrations of carbon and nitrogen ca.'!then be calculated using equns,

4.2 and 4.3.

4.3 SUBSTRATE FI~UXESl
)! \

Fluxes of all substrates between comparr-. ~fl~S-in. (he model plants are described in much
v- I,' .\ L' ,
, .

the same way as fluxes between the bulk 'soil and the 'inizosphere (equn 4.7). In the case

of carbon:

RSCij

where Fij is the flux of carbon from compartment j to compartment i (gC,m":!ground.clay·I);

CCj is the concentration of carbon in compartment j; CCi is the concentration of carbon in

compartment i; RSCij is the resistance to flux of carbon "day-time taken for 19 of carbon

to move between compartment j to compartment i); and Kij is a scaling function (equn

4.17):

(4.17)
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Where Wi is the structural biomass of compartment i and Wj is the structural biomass

FOl nitrogen the approaclt is tIJI;;same:

where FNij is nitrogen from compartment j to compartment i (gN.m~

is the concentration of nitrogenjn j; eNi is the concentration of
nitrogen in i; is the resistance to flux of nitrogen (day); and Ki] is above equn

Again the status all the pt)ois are then updated in accordance with the algorithm

(figA.l)

Carbon status ~

(4.19a)

CSI CS11I~')+FLl ~FSI (4.1%)
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(4·tge)

(4.19f)

'Where CS1 • ; FLi is the' flux of carbon from the leaves of species i to the stems

of species i; PSi L~the flux of carbon from the, stems of species i to the foots species

i: FN and Fl\"l are the fluxes from the roots of the legume to the nodules and fungal
" ..\

hyphae respectively,

Nitrogen status ~

NLl (4.20a)

(4.10b)

(4.20c)

(4.20d)

.(4.20f)
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(,L10g)

(4.20h)

where NSi i:>: the amount' of nitrogen substrate in the stems of species i (i"'" 1,2); NLi is

the amount of substrate nitrogen in the leaves of species i; £INti is the flux (If substrate

nitrogen from the stems to the leaves of species i; FNSi is the flux of substrate nitrogen

from the roots to thl~ stems ill species i: FNN and FNM are the fluxes of nitrogen from

the nodules and VAM fungal hyphae respectively to the roots of the legume.

As with the previous status update, the substrate concentrations can then be calculated

vsing equations 4.2 and 4.3,

GROWTH. RESPIRATION AND SENESCENCE

Growth of the various compartments in fig 1.1 (Gi, in g structure.day") is set as

minimum (MIN) or two functions: one hased all carbon substrate concentration and the

other based on nitrogen substrate concentration:

r Ii*CCi*Wi
Gi=cl\UN {

lW'CNi*(Ji/Qi)*Wi
(4.21)

Where Ii is a growth p<1''r~lmeter(g structure .gel) associated with the compartment i

R2, NO D "MYC); Ji is the carbon content of structural material
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in compartment i (gC.g structure"): Ol is the nitrogen content of structural. material in
c ~

compartment i (gN.g structure"). Both Qi and Ji are assuI1~e,dto be constants. In this

way~growth is limited by whichever substrate is most limiting. When the two functions

(growth as a function of carbon and as a function of nitrogen substrate concentration)

are equal, the plants fulfil the criteria for balanced exponential growth, and can be said

to be "optimally foraging". It is an important fe-ature of the growth submodel, however,

that balanced exponential growth is not assumed.

The utilization of substrates in growth is described by the following equations:

UCLi=J I*GLi/Yi (4.22a)

tJCSi==Ji*GSi/Yi (42:2b)

UCRi:::=Ji*(3Ri/Yi (4.22c)

UCN"""JT'GN/YN (4.22d)

UCM ==J.i*GM/Yl'vl Vk2Ze)

where UCLi. UCSi, llCRi. TJCN and UeM are the utilisation of carbon substrates in

growth by the various compartments; Yi, YN and YM are growth respiratory coefficients.
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U,NLi =:Qi*GU
-I

UNSi=Qi*GSi

LIN' H'" "~("\'*G"'R'"" £\.1- <1 I 1

UNN==Qi*GN

UNI\1=Qi*GM (4.23e)

where UNLil UMSi, UNRi, UNN and UNM .~the utilisation of nitrogen substrates in

growth of the various compartments. Mainte. 'Ice respiratory costs are also calcu [ated

at this stage in the model, These are simply taken to be the product ora mainu.aance

respiratory coefficient (Mj j.:=L 2. MYC, and NOD) and the structural mass of the

component:

where i refers to the relevant compartment (Lt, St, Rl, L2, S2, R2, MYC, NOD).
"
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Following this iisedes of calculations, the st..itus of the various pools are updated as

follows (i=t2):

Car~-'11substrate w

\"",1

(4.2Sa)

\)

(425d)

'4 "),, )'(' .zce

Nitrogen substrate ,.

(4.26<1)

(4.26b)

(4.26c)
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Structural biomass w

(4.27b)

(4.27\:)

(4.27d)

where SNLi, SNSi, SNRi. SNN and SNM are senescence rates. Finallv the substrate
.' .

concentrations are updated ill accordance with equations 4.2 and

4,5 SIMULATIONS

The above equations were combined into a computet programs written in FORTRAN

(see appendix 1 for source file). As was the case in the chapter, simulations

were run for a period 85 ruodel time days 011 a pe AU parameter and

values used in the simulations are as listed in the source file. simulation



Fig 4.2. Computer slmUI~\!\.msof total biornt£S (gDM/m~round) in white clove (a) and Italian
ryegrass (b). The inset graphs are the appropriate growth tr!alleaf biomass (gDM/m~!'Ourld)
curves from chapter 2, .
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presented in the. same form as the results from the growth trial (chapter 2): First the
\,

biomasses are presented (fig 4.2 to 4.5);, then the shoot to root ratios are presented (fig

4.6). These are followed by the nitrogen contents (fig 4.7 to 4.9) and finally the relative

growth rates are presented (fig 4,10). Inset into Jach of the simulation graphs is the

appropriate graph from experimental data (chapter 2). This allows for direct comparison

of the simulations and the experimental results.

4.6 DISCUSSION

It is apparent from comparison of the simulation results with experimental results that

the model has mixed success in simulating the teal growth system. In the case of the

clover without any symbionts, the model des .ribes all aspects of growth: nitrogen

acquisition and allocation well (figs 4.2 to 4.10 a). In the simulations where nodules were

included, the trends ill biomass accumulation (figs 4.2 to 4.5 a) were similar to those

observed experimentally, however, the impact in the model plants was not as great as
I'

was observed 'experimentally. This is despite very similar trends in the nitrogen levels
j:

(figs 4.7 to 4," a). Trends in both shoot.root ratio (fig 4.6 a) and mean relative growth

rate (fig. 4.10 a) 'I,\lereboth close to experimentaHtpbsel'ved trends, while the magnitudes

of these two variables were reasonably similar.

It is also apparent that the impact of mycorrhizal infection cannot be predicted with

reference to nitrogen alone. The differences between the mycorrhizal and the non-

mycorrhizal model clover plants in all of the output variables 'were slight in comparison
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with those observed in the experimental work '(figs 42 to 4.10 a). ibis is despite the fact

that the simulated biorImss of mycorrhizal fungal hyphae 'vas within the, same range as
"; ..... r-

reported in Rousseau, Sylvia and Fox (1993) (about of root biomass). It is thus Hkk:;~y

that the improved growth and nitrogen status of the clover plants in the mycorrlnz.J

experimental treatments Vlel'e due to an indirect effect One likely possibility is that there

was improved phosphorus uptake in the mycorrhizal treatments and that improved

growth and nitrogen uptake were the indirect result of this. The geometrical properties

of VAM fungal hyphae (eg. mean d':lius, surface area, lengih) are such that the hyphae -

are particularly suited to uptake of tl.\~less mobile nutrients, of which phosphorus is one

(Clarkson 1985). It is apparent in the case of the more mobile nutrients (such as NO,

and NHt) that ge~~:)lnetdcalconsiderations may be relatively less important in terms of

uptake than the kinetic properties of the upta~e sites (Gutschick 1993), andjt is

reasonable to assume that-the uptake sites in mycorrhizal fungi are sin lilal' to those in

plant roots. In the case of Italian ryegrass, although the final simulation values for

biomasses were generally similar to the true, values, the trajectories followed to achieve

these final results were noticeablydifferent (fig 4.2 to 4.5 b). While the growth curves
I; ,- ~~\ ,I

in the simulations were of an exponential form (even when ctHlh:idered from day 28 to

85 rather than from day 1), the experimental growth curves were almost linear . .It is in

the simulations of nitrogen status of the ryegrass components, that the. greatest

shortcoming of the model are apparent. In the case of the leaves (fig 4.7 b), there are
, ,

differences in both trend and magnitude, In the sterns and roots, although the final

magnitudes are similar, the trend is noticeably different (fig 4.9 and 4.10 b). Generally,

the real plants exhibit a decrease in the nitrogen content, while the model plants initially

show a sharp decline, followed by a11 increase. The differences in trends in the nitrogen
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contents do provide an explanation for why there were differences in the trends of

biomass accumulation. The initial sharp decline in nitrogen content corresponds with th-e
Ii

initial slow rate ·of biomass accumulation and the ~'ltrease in rate of biomass
Ii
'I

accumulation corresponds to the increases in nitrogen c6nte.I1L In terms of the model.

the most likely explanation for the inability to simulate the nitrogen status of the rye

plants is the scaling functions (equn 4.17) which will restrict the flow of either substrate

(carbon or nitrogen) between structurally small compartments and structurally large

pools (such as the foots and sterns).
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CHAfTER 5: CO(:,4CLtlSlONS

\\
»

Despite any shortcomings: of the model described in the previous chapter, the model

does represent a significant improvement on previous attempts to model mixed canopies.

particularly grass legume rnixtures, And ill at least (our out of the five objectives of

modelling laid down in Penniug de Vreis (1983) (chapter VI) the exercise was a great

success;

From the shnulations carded out and presented in ch~IPters 3 and 4, it is obvious that
i!

the model allows integrated information to be made operational. This was achieved

through the incorporation of the models into the computer programs listed in appendix

1. As an attempt to help define and categorise the system, the model "i(asalso successful.
\1

Ii

As mentioned above, the formalisation of the system represdnts a significant
1\ i' ',I
ii ill

improvement on previous attempts. In addition to improvements in the descriptjons ,~)f

plant processes (in particular photosynthesis in chapter 3), an attempuwas also. made to

expand the description to include the impacts of NlO· symbiotic associations, namely

nodule-formingbacteria, and V4.M-forming fungi. To my knowledge this has not been

attempted before. Also, because of the submodel approach, the model vety effectively

categorizes the system into above. and below ground processes, each of which are

subdivided into a number of parts (fig.5.1). Despite this categorisation, .the inOOt: still

retains a high level of "integratability" as a result of feedback links, and. a common upper

hierarchical level.

Although a number of improvements have: been made relative to previous models, the
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model is not wIthout its gaps, and these arb manifest in the shortcomings of the model

described in the previous chapter. For ins!tam~e,a great deal of work still needs to be
/l

done in terms of describing the allocation of nitrogen. In addition, many of the

parameters used were at best, borrowe<) from other systems, and at worst educated

guesses, and this lack of knowledge needs to be remedied through further experimental
ii

work. The possibility that the observed impact of VA mycorrhizal forrnatior~i On the

clover growth and nitrogen status may be the result of indirect effects associated with

improved phosphorous nutrition is au interesting hypothesis which needs tobe tested,

and if necessary, incorporated into the formalization, It can thus he seen that even the

shortcomings of the model do have a positive contribution to make in terms of guiding

future research.

In terms of the final objective described in section 1.2 (ie that the. model provides a i
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means for disse~intlting information) the .models w~re at.least parti~+HysucceSSf~), in
,":, //

that the outputs (figs 32 to 3.4 and figs 4.2 to 4.10) represent a summary of the

simulation ability of the models. However, because the models were "phrased" in terms

of mathematics, the models readability is somewhat limited,

Finally, besides the general success of the modelling exercise, the resU'lts presented in

chapter 2 provide further empirical data which may be acded to eXisting data bases. A

particularly 'interesting finding was the fact that the Italian ryegr~rs did 110t enter il1tol"I;

any symbiotic association with VAM fungi. It was also interesting that the performance

of the white dover in the mixture was significantly improved by the formation of

symbiotic associations and that this improvement was not at the expense of decreased

rye grass performance within the growth period defined by this experimental work. It is

difficult, if not impossible to extrapolate this finding quantitatively to a larger scale.
'I.

However, qualitatively, this finding must have management significance.
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APPENDIX 1.. Source files for model programs

i.

PROGRAM r"llCSIM
" I

" This program is designed to simulate tilt) growth anti photosynthesis
.. of two species in a mixed canopy.
'" By Neil Eccles
""

INTEGER TIME, LIMiT
REAL WI. W2, si, St, L1, r.;::!;. A1, 1\2, AMI, AM2, I, PSI, FLl
REAL FL2., SU, SL'2,nt, 132, cz-ni, H2, HlU, H1L, H2T..,
REAL LAm, tAlL. LA2U, !_.j~?L,P1U, I'lL. Pi, P2U, P2L,
REAL Nl, N2, SLAl, SLA2, M, v, R1. K2, DAY

OPE~N (UNIT"'" 1. FILE b:\MICSIM.DAT', STATUS",,'OLD')
OPh';N (UNiT:::::2,FILE:=\t:M;\SS,DAT', STATUS",'NEW')·
()FlBN (UNIl=-3, FILEt='A:HI~lGHT.DAT" STATUSt='NEW')
OPEN (UNrr",4, FILE=='A:PHOrO.DAT', STATUS::='NEW')

PRIN't*, 'How 111\\11)1 days do you want to tun for'}'
READ"', LIMIT
TIMEdJ.O

READ 0."') wt, VV:2.st, sa r.r, L2
READ (1.") Hi. HZ
READ (1,"') Pl, P2

'"
...This is the end of the variables entry loop
:to Now enter the input parameters..

PRINT"', 'Enter values for the following:'
PRIN'f", 'FSl, I FL1. Fl.2'
READ". FSI. 1132, FLl, FL;Z
PRINT"', '1'11,NZ'
H.EAD"'. N 1. N2
PRiNT'", 'K!. KZ'
READ'" i Kl, K2
PRINT'", 'I'
READ"', 1

1 1l:"(TIME.l:r.LIMI1') THEN
Al""L95E·06
A2==: 1.22E-06
AM1"",l).OOv26
AM2",a.00041
SLA1~:0.1
SL1\2:=0..01
M""O.032
Y""O.1f
131",,40
132",,80
el::::,']
C2,"".9
DA Y""3113L5.43
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WI ""Wl+«Pl-M"'Wl)"Y)
W2""W2+(P2·M'~'W2)"Y)
Sl=Sl+((Pi-M'~W 1)'~Y"FS1)
S2",S1+{ (P2-M"W2) 'Y'FS2)
Llte-L1 +«(1' l"M*Wl)*Y"'FLl)
L2=:L2+(P2~M"'W2)"Y""FL2)
SL;l=U!SI
SL2==L2/S2
Hl==Bl
H2=B2*(S2lN2.) ""'H'C2
IF (l-ILGT'.l rzrn lEN
HIU=Hl"H2
HIL""H2
H2U",,0.0
H2L=H2
LAiU "-"((Hl U/B1)"''''(lICl))''Nl"'!.lLl ~SLAI
LA 1L==«lUUB 1)""'(1/Cl)) "'N1"'SL1 '-'SLA1
LA3U""O.O
LA2L= (H2L/B'Z) *"'(1IC2)"'N2"'SL2"'SLA2

PIU:=.:DA Y"(AMI/Kl)"'LOG((AM1 +1\1 "'KJ "'IIIJAY)/(AMl+Al"KI "(l/l~i.\Y)~
EXP(-Kl"LA1U))) .

P lL::;DAY"(AM IlK!) * r 'oG«AMl +A1 "((I*EXP(-Kl*LAl t'tK2'l>LA2U»/DAY)
~(EXp(-r<2"LA2L)l1l(AMl +1\1 >l'((l*EXP(.Kl*LA111~KrLA2U));lJA Y)"'
(EX.P(·~{2'·LA21A(1"LAl L))))

PZL""DAY'CAM21K2)* LOG«AM2+AZ*((l'"EXPH{2"'LA2U·Kl "'LAW))/DAY)
"'(EXP( -K1"'LAIL)) J/(AM2 ~·A2'·«I"EXP("K2"LA2U.Kl "LAl U)/1)AY)"
(EXP(·Kl"-'CAlIA{2*LA2L»)))

f'ZU=:o"o
Pl""P1U+PlL
P2,:=:P2U+P21

ELSE IF (f-ILLTJI2) THEN
H 1U:=.:0.0
H1L::::Hl
H3u~"112-Hl
HJL:=:Hl
LAIU""Q"O
LA1LL~«mLlBl)"'"( l/Cl})*N1 "'SL1"'SLAI
LA2U ""«H2UIB2) ....C l/C2J)~N2 ..SL2'~SLA?
LA2L -=((1 12L/B2)'."'( lI(2))(lN2 ~'SL2"SLA2

PllbO.O

PIL~ DAY"(AMIIKl)'~ LOG((AMI +A1"((1 "'l?:XP(-Kl"LAlU"1<2'"IA2U))/DAY)
*(EXPHQ"'LA2L)))/(AMl +A1 "'(W.EXP( ·K1"'LAlU.K2"LA2U)/bA '{)"'
(l~XP( "K2~'LA2L.Kl"LAlLm)

.(1)2U",DAYlll(AM2/K2) '''LOG((AM2+A2*K2''riDAY)JV\lviMA2''K2"'0! I)AY)"
EXP(-KZ"'LA2U»)) .

P2L""Df\Y"'CAM2/IC;)'" r,nG(AM2+A2~((I*EXP("K2"'LA2U·I<1"1,AIU))!f)AY)
"(EX?( ·K! "LA IL»)/(i\,M2.+A2"'((I"'EXP(.rC·:LA2U.Kl "'LAI m)IDA"t') 0

(EXP(-I{1*LAIL-IG"'LA2L))ll



reo
Pl""P1U+PIL
P2"'P2U+P2L

!-HU",O,O
HlL==Hl
I-i2U=!),Q
H2L:=f-U
LA lU ",,0,0
LAl L=:({t-UUBl)'" "( lIC1))"N t-st.i "'SLAl
LAZU""U.O
LA2L===((HZLlB2) "'"'(..

>l'

+
+

'.
"'

+
+~

PIL""DAY~(AMlIKJ.)'" LOG«AM 1+A1 *((1"'EXP("IG *LAH"Q{2 "Ll\_2U»/DAV)
"'(EXP( ·l<2"'LA2L}))/(AM 1+A1 "'((r"EXp(-Kl"LA~ U·I{2~LAZU»/l)A Y)"
(EXP( ·K2"LA2L·Kl "'tAlL))))

P2V""OJJ

P2L==DAY"tAM2/K2)" LOG((AM.2+A2'·W"'EXP(-K2"'LA2U·Kl*U\iUJ)!DAY)
*(EXP( ·KI"'I ,A 1L))/(AM2 +Al*«(I"'EXP( -K2"'LA2U-K1 ~LA!U))/DA y)"
(EXP(.Kl"LAllA(2"'LA2L))))

PI""PIU+PIL
P2""P2U+P2L

EN)) IF
WRiTE (2,,"')TIME, WI" W2
WRJTE (3,"') TIME, HI, 112
WRITE (4,*) TIME, P!U, PiL" P.tU, P2L
TlME:=TIME+ 1.0
00 TO 1

END IF'
END

END

ii.

PROGRAM MOD

>Ii Tim; pmgl am is uc;;i.g,llt'd In simulate the growth, photosynthesis
.. and nutrient uptake of two in a mixed CatlOPY.
~ Species 1 11: the bra:>", while sp 2. it; the
'"
" By Neil Eccles \994..

INTEGER TIME. LIMIT; ANM, ANN .
REAL si, 82. L1, 1..2,Al, /12, AMI. AM2, I, Mye, NOD
REAL SLI, AI, 133,134,Hl, 112, HlU. fILL, H~U, H2L
REAL LAIU, tAlL, 1,/\2U, L1\2L. nu PIL. PI, P2U, P2L, P2
REAL N1, N2. SLAl, SLA2, DAY, pro N, S
REAL at, RZ. RRL RR2. RM. PIU, PR2, PM. SAL. SA2, SAM
IlEAL LR1, LR2, LM. vni, VR2. VM. VRH, VS, T
REAL NS. NRU. NM. NN, NRC NR2. NSI. NS2, NLI, NL2
REAL CNRH. CNItl. CNR2, CNSi, CNS2. CNL1, CNL2
REALCLl, CR1. eNI eM
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..

REAL CCLI, ccru, CCL2. ccsa~CCR2, ceM
REAL SNM. SNN, SNRL SNR2, SNSi, SNSl, SNL1, SNLl
REAL ULl, OSlo GRI. GU. OS2, OR;!, ON, GM
REAL oci.t. (lest" GCl{L, nNLL GNS!, GNl~l
REAL GCR2. (iNtZ. GNS2, GNR2
REAL GeN, GC!\1,GNN, nNl~1
REAL [1, [2, 13, [4, Hi, ts
RE!-'l.L uct.i, ucsi, UCR1. ucsz, UCR2, DeN,
REAL JI, H • .14,JS. 16, 11. J3
REAl, UNM, UNN;,UNR1. tlNR2, UNSl. UNS:?" UNLt UNL2.
RE.!\L or, (12, Q3, Q4, 05, (;6, Q1, Q8
REAL Mi, M2, MNOD, MMYC, Vi, YN, YM
REM_ ML1. MSl, MIn. IvlL~. MS2, MR2. MN, MM
REAL K1, K2, K4, K3. K5, K6, K7, K8, K9
REAL KMl. RM2. I'.}.1:S, KM·j,. KM5, KM6. JNl. JNZ. IN.M:
REAL RSl, RS2. RS3. RS4. RS5, RS6, RS7, RSg
REAL H59, RS!O, R811, 1<812, 1<S13
REAL I'Ll, FSi, F12, 1'52. FN. I'M
REAL ui, VMAXI. VMAX2, VMArX3
REAL DMLl, DMS1, OM!? 1, DML2, DMS2,. DMR2, DMM, DMN
REAL NDLi, NDL2, NOS!, NDS2, NDRl, NDR2
REAL RU1, RU2, RUM, FIX. CFIX, SNFR

OPEN (UNIT"" I, FH.E",'A:COMPLDAT'. STA;rUS""'OLD')
OPEN (UNIl'=2, FILE=:'A:COMP2.DA r, STATUS",,'OU)'j
OPEN (llNrr",,3. FILE='A:SYM.DA.T',STATUS",'OLD')
OPEN (UN IT:::::4, F1LE='J\:NITROLDAT', STATUS='OLD")
OPEN (UNIT"".), ItltE"'·A:NITR02.1Jl\T'.SfA'I'US",'OLD')
OPEN (UNrr:=l\, FILE",,'A:COMPDAT" STATUS:='OLD')
OPEN (UNI1",1, FILE='A:COMP3.DAT', STATUS",,'OLD')
OPEN (UNi'T'=8, F!LE:.::'A:COMP4.DAT', STATUS",,/OUJ')
OPEN (UNIT:...:9, I'ILE:=o'A:COMP5.DAT', STAfUS",'OUY)

.. Specify l! Silber of iterations..
PRIN·,i''', 'How Illan\, davs do YllU want to run for?'
REi\L ; LIMIT ... .
TIME""OO

*
.. Characterize system: myc Of Hod?..

PRINT"'. 'Elitet !for +MYC or () for ·MYC:'
READ",ANM
PRINT"', 'Enter J 1'01' +NOD or 0101' ·NOD:'
READ"', ANN

~ Enter the starting conditions.. -

'" Starting values for state variables and other driving variables
'" biomasses..

r.r-.o.:
L2,d)JJ175
51",,0.1
S2==0.014
R1,,,0.25
R2""O.( '::1



MYC""tUXll
NOD"" 0.0004

,

16~f
li
1/
t

e nitrogen status..
NS:=:150
NRH=7.5E-6
Nilil::=IE·5
NN::::: 4 ..5 E·.l.
NRl",O.03
NR2=-:,O(l15
NS1""O.UOI:!
NSZ.:=;O.OUi
NL1'""(WD8
NL2=;rJ.002..

'. carbon status..
CLl=0.12
CL2""O.()()53
C51",,0.016
CS2""().O()~
CRl
CRZ"",OJlO2
eN"" L44E·4
CM::=:9.5E·5

'. Calculate substrate concentrations (substrate/structure)
" carbon
'"

CCLl ""CLlIL1
CCSI ""CS1JSl
CCRl=CRlIRl

CCL2:=!Ct2/U
CC.I:)Z""CS2/S2
CCR2,,=·CR2!R2

CCN ==CN/N0 ()
CCM:.=:CM/MYC

'" nitrogeu

Ci\)'L1 ==NLlILl
CNSI ""NS1/S 1
CNRl~~NRl!Rlt.
CNL2::=NL2/L2
CNS2e=NS2/S2
CNR2=NR2/.R2

CNN=NN/NOD
CNM=NM/MYC

l{J

1 IF (1TME.t':l\LII\1IT) '1'1lEN
'"

TIME::=THv1E+l:0
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., LIST CONSTANTS
~

SLAl:=:OJ
SLAZ""O.01
Mjdt032
M3~,=O.032
MMYC=tLOJ2
MNOD=JI3Z
Yle=ct16
Y2""O.76
YM=OJ'6
YN""O.76
RUl",,4
RtJZ"" 4
RUM=4
Bl::=40
B2",gO
B3::::,7
B4::::.9
CIA Y"",31825.43
Nl::::100
N2"" l(l(J..

'" gmwth constants..
I1==1U8"3/5
12",,0.0464~O.5
13:=0 45/Hl
14",,0.017
[SdJ.00664
I6o=(W09
rl",O.OI5
18",,0:06

;. C concentrations in structural matter..
]1",,0.4-
]2",,0.4
33=114-
J4=0..1
J5",,0.4
J6",,0.4,
J1=O.4
J8==0.4

.. N concentratious ill ,structural matter

::::OJ)6
Q2",,0.009
Q3=0.009
Q4",,0.07
(l5",O.(Li,
Q6"dl.04.
Q1dU)S
Q8==:O.04

xt =0.2:1
I{2 ==:0.5



164

I:=:1,81E+7
D""1E<~
T=:]

PRl=53B+6
PR2:=:5,3E+6
PM:=:'L3E+6
PI ",,2211
RRl=:1E·4
RR2""1.2E·4
RM:z:6E·6
F::,~ll.Q1
VMi\X!=50
V:lvlAX:2='-'40
VMAX3c=SO
Klv1!""l(jIJ
KM2=100
I<:iv13:= 1(J(l
K.tV14",,(LS
KM5==O ..5
KM6==05
JN1""O.006
JN2:=OJl06
JNM""O.U()6

.. resistance to flux
'k

RSl=2
RS2==L2
RS3<= 1.2
RS4::::1.2
RS5=1.2
r-°~""'2
itS,]"" 102
RS8",,1.02
RS9== 1.02
RSlO""L02
RSll:=l.02
RS12"" 1.02
1<813= [.02

"' senescence rates
'.

SNLl-.::::O.001
SNSl=O.001
SNRl:=O,O()1
SNL:2=0 O,O!J'J
SNS2:=Q.001
SNR2=OJ)!.llI'i
SNN=:(WUl
SNM=O.007

•
N,,-O,75
S=().4
SNFR=OJ)3
CFIX",6J4

(, CALCUL.ATE UPTAKES/ACQUlSITlON
'" Calculate photosynthetic inputs
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DMU""IJ+CL1+NLI
DMSI ""S1+CSI +NSI
DMIU""Rl+CR1+NRI

DML2=LZ+CL2+NL2
DMSZ""S2+CS2+NS2
DMR2:=R2+CR2+NRZ

D.MN",N{ m+Cr~ +NN
DMM:=MYC+CM+NM

NDLl ",,(NL L+Ll "'Qi)/DMU

SLl ""DMLl/DMSl
SL2~DML2JDMS2
Hl"'"Bi *(DMS1'Nl)**B3
H2""B2*(DMS2/N2) "'*B4

A2 ""(1J)SE-4/6) "ND L2"2.9'm~7
Al ::::(6.7E"5m"'NDU·L35E·7
AMl=COJlI44)'"NDL1 ..2.BSE·S
AM2=(O.0227) "'NDL2A.54 E-:>

IF (H1.GT.H2)THEN
HlU:=HI-Hl
HiL=H2
H"ZU:=:O.O

. H2L=H2
:: LAW""((IUurSl)""'(lIB3)*N r-st.r "'SLAt

LAIL.:=:((HIUlll)**{lIB3))*N 1"SU"'SLAl
LA2U""OJ}
LA2L""«H211t32)~"(lIB4»"N2"SL2"SLA2

'"

+
*

..L

+
*

+
+

'"

PI U""OA ".."'(AMIJKl)*LOG(AM.1.+Al*Kl *I/DAY)!(AM 1+Al"'Kl"'CI/DAY)'"
EXP(.Kl"LAlU)))

PIL"'DA Y"'(AMlIK1),'LOG((AMK +A1 *((! "'EXP(·Kl"'LAlU-K2"'LA;!U))/bA Y)
*(EXP(·K2*LA2L»)/(AM 1+Al "'(I';EXP(.Kl "'LAlU·K2."'LAltJ» !DAY) *
(EXP( ·IC'"LA2L-Kl "'LA lL»»

PZL",DAY"(AM2/K2)"'LOG«AM2+At"C(1*£XP(-K2"'LA2U.Kl*LAlU)mAY)
>!<(13XPH<1~'LA1L)))/(AM2 +l\2 "(0 "£!XP( -I{2*LA2U-1\J "'LAlU})/Dt 'iT"
(EXP(-KI "LA1L·K2"'LA2L»)))

P2U",,().Q
Pl=P1U+PlL
P2""P:?'U+PlL

ELSE IF (I-Iu:r.H2) THEN
Hm""o.O
HIL:=Hl
H2U""H2·r-n
H2L=Hl
LAIU""O,D
LA1L",,«(IIlLlBl)""'( UB3),'N I"'SLl"'SLAI
LA2U =t(i-12Um2) ,.*( lIB4)) "N2 "SL::!"SU\'2,



"
-~F

+
'"

+
"'

+
+

'"

..
-,-,:"

+
"

'"
+
+

1G6
LA2L::::((H2UB,2)"''''(11B4)*N2'"SL!*SLA2

PIV==DA Y'"(AMl!Kl)"LOG«AMl·~Al *«PEXP(-Kl "LAl U-K2*LA2.U»lOAY)
"(EXP( -K2*LA2L»)/(AM 1+1\.1 "((1"'EXP(-KI'"LA iU-K2 'LA,2U))!DA'l)*
(EXf'( -K2"'LA2UKl"'LAlL»» '"

P21J""DA Y"'(AM2/K3)"LOG«(AM2+A2*K2"'l/DAY)/(AMZ-IA2"'K2"'(IlDAY)'"
EXP(-K2~'LA2.um

P2t,:",DA Y"'CAM211Q,) "'LOG«AM2+AZ"'«1 "'EX1'(-K2"'LA2U-Kl"'LA IU»/DA Y)
"'(EXP(-Kl "'LA lL»)I(AM2+A2 "«1 *E)(P(-K2"'LA2U-Kl "LAl U»IDA Y)'"
(EX.P( -Kl"'LAIL-KZ'"LA2L))))

f'l""PIU+PIL
P2== P2U-1>P2L

ELSE
HW""O.O
HI L:=:l-ll
H2l}=O.O
H2L""H2
IJ;lU~O.O
LAIL"'«HIL!Bl)""'(lIBJ))*Nl"~L1 "'SLA 1
LA2U=O,(1
L>\2L:=:«H2LIB2)**(lIB4-»)"N2"SU*SLA2

PIU::::dJ.O

PIL:::DAY*(AM1/Kl)*LOG«AMI+Al40((I"'EXP(-Kl"LA1U-K2"'LA2U))/DAY)
*{EXP( -K2*LA2L)))/(AMI +A 1'~((I*EXP(-Kl"LAlU-Kt ·LA2U»/DA Y)*
(EXPHt2*LA2L-Kl "CAlL))))

P2U""O.O

P2L==DAY*(AM2/K2)"LOG({AM2+A2*((I'~EXP("K2*LA2U-Kl*LAlU»!DAY}
"'(EXP( -Kl "'LAlL)))/(AM2 +AZ"'W *EXP(-KZ"LA2U.Kl"LAlU))iIJA \')"
(EXP(-Kl *LA iL-K2*LA2L»»

Pl=(PlU+PlL)
P:!':=(P2U +F2L)

BNDIF

!. Calculate N-uptakc..
LRJ ""Rl!(PI*(RRl ""'1)"'PR!)
LR2:=:R2i(PI"CHR;';'" 2)*Plt2)
U\t1=MYLI'(PI"'(RM"'"'2)"PlIA)

SA1""2"PI~IUUil<LRl
SA2,.,.::;"'pr"'RR2"'LR2
:-,A!v,,=z"Pl"'RM"'I.M

liltl ""RlIPRl
VR2=.:R2/PR2
V~'f=.;l\!lYC/PM

IF .0'1'.VRH) "HEN
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VRH=:(PI~«( RRI + lJ)"""Z) 'LR lwVI::'l)+(PI*«(RR2+ D) *"'2) *LR2-VI-1..2)·!-
+ (PI"'«RM+D)*"'Z)*LM-VM)

VS='T'{ViHI +V R 1+VRZ-I-' VivfJ
ELSE
VRH""VRH·VRl-'lR2-VM
VS==()

L~ND IF

IF (VS.GT.O) '1'1
CNS==:NSIVS
ELSE
CNS""O
ENDIF

CNR!-lt=:NRHNRH

K3"" VS*VRH/(VS+ VRH)

K4==Sl "LlI(81 +Ll)
K5:-:=Sl"RlI(S1+Rl)

K6::::S2'"L2/(S2+ L2)
K7,·"S2!R21(S2+ R2)

K8==MYC'" R2!(MYC+R2)
K9""'NOD'"R2/(NOD +R2)..
URH:::::K3"(CNS-CNRII)/RSt

IF (CNRH.GT.O) THEN
Ul = (VMAtXl*CNRH/(KM 1+CNRH))*SAI

+ "(CCRl/(KM4+CCl~1))"( lin+CNRlIml)
UZ=(VMAXZ"CNRH/(KMZ+CNRH)) ·SA:!

+ *(CCI<2/(KM5 +CCR2») "'( lI( 1+CNR2/JN2) )
UM =I (VMt-..'i3 "CNRH/(.K1v13 +CNRH») "SAM) '"ANM

+ "(CCM1(KM6+CCM)) "( 1I( I +CNM/JNM»
ELSE
U1"'0
U2",,(l
UM::::O

END IF..
.. Calculate fixation

FIX={CN"SNFwcrIX) "ANN
FIX "",DMN*SNFR*ANN

.. UPDNfE STATUS
'" new substrate levels
.. Carbon

CL1""CL1+Pl
CS1""CSI
CRl""CRl·RU1"U 1

CL2~CL2+P2
CS2=-=CS2
CR2:=:CKt-RU:Z'"U2
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CM""CM-RUM"UM
CN ""CN-(CFIX"FIX)

'.
" Nitrogen
>9;

NL1=:=NU
NSl==NSl
NRl=NRI+Vl

NL2,:=;:NL2
NS2==NS2
NR2:.=NR2+U2

NM=NM+UM
NN=NN4 FIX

NRH=NRH +UH..H" UM-Oi·U2
NS::::NS-URH

.. Calculate substrate coucentrations

.. carbon

CCL!=CU/U
CCSl==CSlISl
CCRl=CRlIRl

CCL2=CL2/12
CCS2 =C'S2JS2
CCF.2=CR2/R2

*
CCM=CM/MYC.
CCN==CN/N('i)

.. nitrogen

CNU ""NUlL!
CNS!:=NSliSl
CNR1=NRl/Rl

CNL2 == NL2/LZ
CNS2=NS2/S2
CNR2",NR2/R2

CNM""NIVUMYC
CNN=NN/NOD

WRITE (9,"') TIME. CNL1, eNS!, CNRI

"' CALCULATE FLUXES/ALLOCATION
'" Carbon

FLl:= K4*((:CLl.CCS i)!RS2
FS I ~ xs "(CCS I·CeR 1)/R33

FLZ· K6"(CCLZ.r:CSZ)!RS4
FS2::::K1"(CC:S2.CCR2)/RS5
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FN"" ANN'" K9"( CCR2·CCN)IRS6
FM""ANM~K8*(CCR2·CCM)!RS7

'" Nitrogen..
FNLl::=:K4"'(CNSl-CNLI)/RS8
FNSl=:K'l':'(CNRI-CNSI)/RS9

FNL2:=;K6'(CNS2·CNL2)lRSlll
FNS2"" K7'''(CNR2>CNS2)/RS iI

FNN =ANN"'K9"'CCNN·CNR2)lRS 12
FNM:=: ANM"'KS"'(CNM·CNR2)/RS 13

<. UPDATE STA1US
.. Calculate the new substrate levels
.. Carbon

CLl= CLl·FLl
CSl=::CS1+FU·P'S1
CRl=CRI+FSI

CL2=C!2·I'L2
CS2 =CS2 -l-FL2-FS2
C1<.2==CR2+FS2·FN·FM..
CN==CN+FN
eM "",CM +1;'M

•
C' Nitrogen..

NL1=ND1+FNU
NSI ::::NS1+FNSi·FNLl
NRl :=NR1-FNSl

NL2=NL2+FNL2
NS2=NS2+FNS2,FNL2
NR2::=:NR2+FNN +FNM·FNS2

NN=NN·FNN
NM=NM-FNM

••
~ Calculate substrate concentrations
.. carbon

CCLl ",CLULl
CC31=CS1I81
CCR1""CRlIIU

CCL2""CI2/L2
CCS2=CS2/S2
CCfa::=:CR2/R2

CCN=CN/NOD
CCM=CM/r,,1YC

'" ni'rogen
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CNL1""NUlU
eNSI 1
CNRkNRlIR!

CNN:=:NN/NOD
CCM''''N~,I1/MYC

WRiTE ") 'TIME, CNIU

",CALCULATE GROWTH AND USE OF SOBST'RA'lES
"' growth..

GCLl"" R t '"CCLl *L1
(1NL1",U"'CNLl"'JlI01"Ll
IF (GNLLGl',GCL!) THEN
GLl,-C':(3CLl

ELSE
GL1""CH<Ll

END IF

GCS 1""12"'CCS I"S f
GNSl:=12"(NS\i
IF (GNSLOT.GCS1) THEN
GSl""GCSl

ELSE
GSI""ON~:l

EN!.:': IF,.
",13"CCR 1'''R 1

C}NRl·,-'!3'"CNlU"J3/03"'Rl
IF .CiT.GCRI) THEN

1
ELSE
GRl""ONIU

EN]) IF

OCI2== 14"CCLZ"'L2
dNLZ:=:14"'CNI ,Z'"J41(14'" I2,
IF T1IEN

ELSE
GL2==ONL2

END IF

OCS.?:= 15 "'I::':C::2 "$2
GNS3""15~CNS~
IF

GS?djl\l
IF
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GCR2= 11i"'CCIU "R2

GR?::=GCR2
ELSE

END IF

GN==(]CN
ELSE
GN==ONN

EN!) IF

GM=GCM
ELSE
GM:=:ONM

El'<lD IF

!. respiration
~

ML1=Ml"U
Mgl=:M!~~n
MrU""MI~RI

ML2=M2"L2
MS2'-"M2~$2
MR2=M2"'S2

MN=MNOD"NOD
MM.=.MMYC'"MYC

use 'Jf substrntes Ior
* carbon
'"

OCL! "'-OJ I"(iLl/YI
ucsi
UCRI"'-'J3:'"GR

'OeN :=J7"'CJN/YN
UCM=JH"GM/YM

'V nitrogen
~

UNI,]
UNSI
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,. UPDATE STATUS
'" Caleubte the hew substrate hwds:

CS1=cCSI-OCSI-lI/ISIL

CSZ==CS2-UCSz-MS2
CR2""CR2"UCK~·MR2

eN ,,,,CN·UCN"MN
CM"",CM·UCM,·MM

* Nitrogen
~

NLJ '~NLI·UNLl
!\IS! e=:NSl·UNSl
NR,I:=:NRl.UNSI

NL1==NL2 illli,\lLZ
NS2""NS2·UNS2J!
NR2""NRZ·UNS2

NN""NN·UNN
NM::::NM·UNM

.. Change in structural material
~

L1""Ll +GL1·(SNLl"L1)
81""Sl I)
Rl =Rl+ORl"(SNR I"'RI)

NOn""NO[HGN·{SNN"NOD)
I\lIYC=:MYC+OM-(SNM'IMY(~}

...Calculate substrate concentrations
'" carbon

CCLl =CLl/I J
I=C~WSI

C:::Rl""CRlIR!
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CCN:=l::NyNOD
ceM ""eM/MY C

CNLl:=;NLl/U
CNS 1""NS1!S I
CNfU""NH.l/Rl

CN'S2=NS2/S2

CNN:.=:NNJNOD
CCM ""NM/M YC

WRITE (1,") TIME, CNU, eNS!, CNRI

"CALCULATE MEASURED PARAMET'ERS
~ dry mass..

DMLl=Li+CIJ+NLJ
DM$l:=~H +CSl +NSl
DMRl=Rl+CRl+NRI

DML2-:::L3+CLZ+,NL2
DMS2:coS2+CS2+NS2
DMRZeoR2+CR2+NR2

DMN,'='NOD+CN+NN
DMM '=' M'\{C+ CM +-NM

.. nitrogen content..
NDUe'-'(NLl+L.l *(ll)lDML!
NDSl""(NSI +8 1'·(2)/l)MSl
NDRl :=(NR 1+S I"(3)tDMR 1

NDI ,.2,,=,(N 12+L2'~(4)!Dj\;H,2
NIJS2,";:..(NSZ+SZ"Q5)IDMS2
NDH2"-"(NR2+S~"06)/[JMR2

" Now comes the tJll_Hput!..
WRITE (1,*) rIME, DMLI. DMSl, nrv1Rl
wnrrr: (2:') TIMJ2; DML2. DMS2, DMRZ
WRrTE(3.~) TiME. DMM, DMN
WRITE CcV) TIME, NDLI, NDSI, NDRI
W'lUTE (5,") TIllitE, NDL2, NDSZ. NDR:?
WRITE (6,") lIME. CNRH, NRH, eNS. NS

00 TO I
m-!D IF
END
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APPENDIX 2. Reagents.

L Fertiliser solutions and applications:

13(i083

~'--~~-=~-~-~'--~--~~-=~~'~--~'~+-"=--'-~~~"--~~--~I
KN01 101.097

3

Stock cone (g.l'I)

80.052.

:r-~---~------~~--~---=--~---~~-'~""-'--~'-=------------'-~
4164.088

KCl 74.551 7.5

I~"""''''''--=~----~4~~'=-'~~="~~~-- [1

j MgSOJ I 36.9
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li. Rhizobium selection and growth media (pH 6,,8-7,U):

0.5 g

Mannitol

0.1 g

10.0 g

0.4 g

Nael

Yeast extract

"Agar 15.0 g

1.0 1

"Congo red (0.25% my) !D.O ml

.~These components were not included in the liquid growth medium.

iii. Reagents for nitrogen assays:

Digestion mixture:

420 ml concentrated HzS04 carefully added to :?50 ml H2d~(100 vol.) on ice. This was

stored at 4"'C.

Staining solutions:
u

Solution A:

i1
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12,5 g EDTA (ethylene-diamine-tetra-acetic acid) was dissolved in 500 ml de-ionized'

water and the pH was adjusted to 10 with 21"·[NaOH. 10 ml of 025% methyl red

solution was then added.

Solution B:

70 ml phenol and 340 mg of sodium nitroprusside were mixed. This was then made up

to 1000 111J with de-ionized water.

Solution C:

14.8 g NaOH, 49.8 g Na~HP04' and 200 ml sodium hypochloride (5%) were mixed and

then made up to 1000 ml with de-ionized water.

Ammonium sulphate stock solution:

0.25 M (NHihS04



177

APPENDIX 3

L PARAMETERS AND CONSTA.NTS4
:

SNLi Leaf senescence rate for sp.i

SNSi Stem senescence rate for sp.i

SNRi Root senescence rat.e for sp.i

SNN Nodule senescence rate

SNM VAM hyphal senescence rate

SNFR Specific nitrogen fixation

!'ate

CFIX Carbon cost of nitrogen fixation gC.gN·1

RSl Resistance to mineral nitrogen day

flux between the soil and the

rhizosphere

RSi(i=2-7) Resistance to substrate carbon day

Rf.·"· '"8' 'I''');)1(1~ - .) Resistance to substrate nitrogen day

Yi qrowth respiratory coefficient

4 For values used see FORTRAN source til£! listing in Appendix 1
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for sp.i

YN Growth respiratory coefficient

for the nodules

YM Growth respiratory coefficient

for the VAll-If fungi

RUi Respiratory cost of gC.gN:1

nitrogen uptake and

assimilation in sp.i

l{UM Respiratory cost of

nitrogen uptake and

assimilation-in sp.i

DAY Day length s

Ni Density of plants of sp.i in plants.m?

the canopy

r'..1 Growth constants for the

various components

Ji Carbon concentration in

structural dry matter
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Qi Nitrogen concentration in

structural dry matter

Mi Maintenance respiration coefficient

for sp.i

MNOD Nodule maintenance respiration

.MMYC Mycorrhizal fungal maintenance

respiration coefficient

Canopy extinction coefficient

of sp.!

F Rate of fertiliser application

Allometric constant for relating

height and biomass

Bi(i=3,4) Allometric constant for relating

height' and biomass

SLAi Specific, leaf area of sp.i

T Total volume 9£ the below ground



I

RRi

RM

PRi

PM

VMAXi

KMi(i::.-::4-6)

JNi(i:::: 1,2)

JNM
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system

Mean root radius of sp.i ill

Mean VAM hypha! radius m

Density of root tissue-of sp.i

Density of the VAM hyphal tissue

Maximal uptak i rate at saturating

nitrogen levels

Michealis-Menten constant gC.gSTl

Root activity parameter gC.gST-1

Nitrogen uptake inhibition gN.gSTi

constant for species j

Nitrogen uptake inhibition gN.gSTi

constant for the VM\1 hyphae
\\



ii, VARV\BLES:

"Li

Si

Ri

NOD

MYC

CCLi

CCSi

CCRi

CCN

ceM

CNLi

CNSi
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Leaf structural dry mass of sp, i

Stem structural dry mass of spo i

Root structural dry mass. of sp.i
1

:1

Nodule structural dry mass

Structural dry mass of the VAM fungi

II
/i
\:

Carbon substrate concentration gc.gsr!
in the leaves of sp. i

Carbon substrate concentration gCgS'I'"l I"

in the stems of sp i

Carbon substrate concentration

in the roots of sp. i

Carbon substrate concentration

in the nodules

Carbon substrate concentration gC.gSTl

in the VAM fungi

Nitrogen substrate concentration

in the leaves of sp, i

Nitrogen substrate concentration, '

in the stems of sp, i



CNRi Nitrogen subslrate concentration

CNN Nitrogen substrate concentration

III the ro()t~o( sp i

in the nodules

CNM Nitrogen substrate concentration

in the VAM fungi

eNS Mineral nitrogen- .concen tra~tRIl

in the soil

CNRH MVlIeh1.1 nitn~ji!~,nconcentration
I '-I

eLi Amount oftearbon substrate in. the

CSi

lea ves _Qf sp. i
" ')

Amount of carbon substrate in the

stems of sp, i

CRi Amount of carbon substrate in the

roots of sp, i

eN Amount of carbon substrate in the

nodules

eM Amount of carbon substrate in .Ie

VAM fungi

NLi Amount of nitrogen substrate in the

leaves of sp. i
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gN.gSTi

gC

gC

gC

gC

gC

gN



183

Amount of nitrogen substrate in the gN

NRi Amount of nitrogen substi ate 111 the gN

roots of sp. i

Amount of substrate in the

NM Amount of nitrogen substrate ill the

VAM fungi

DMLi Total leaf biomass of sp.i !:;DM.JtC.'\

DMSi Total stem biomass of sp.i gDJlvLm<l

gDM.m'zDMLi 'Total leaf biomass qf sp.i

DMRi Total root biomass of sp.i

DMN Total nodule biomass

DMM Total VAM fungal biomass gDM.nf"

NDLl, 'Total nitrogen content In the

leaves of sp, j

I'IDSI Total nitrogen content in die gN.gDMl

stems: of 5)),; i

NDRj Total nitrogen content in the

roots of sp, i

NDN Total nitrogen content in the



vs
VRH

VRi

VM

LRi

LM

SAi

SAM

Ai

All'vIi

su
LAiH
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Total llittc>gen content in the

nodules

Soil volume

Rhizosphere volume

nr' ,

Volume of the VAM tungal hyphae mJ

Root length of sp, i m

VAM hyphal length m

Surfate area of the roots of 1or

Surface area of the VAM fungal

hyphae

Cuantum yield efficiency

sp.i

Light saturated photosynthetic

rate of sp.i

Stem.leaf ratio of sp.i

Upper canopy leaf area of
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sp.i

tAiL Lower canopy leaf area of

sp.i

Pill Opper canopy daily photosynthetic

rate of sn.i

PiL Lower canopy daily photosynthetic

nILe of-sp.i

Pi Total daily canopy photosynthetic

i,',he for sp.i

Hi Canopy depth of sp, I' m

Upper canopy depth of sp.i m

HiL Lower canopy depth of sp.i m

URH Flux of nitrogen from the bulkc,
gN.day'!

soil to the rhizosphere

lli Nircoaen 1il~','take rate of the matsc» t" '

UNt Nitroge n uptake rate of the VAM

fungi

Ki Scaling factors
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of the leaves of sp, i

MSi Maintenance respiration costs

of the stems of sp.i

MRi Maintenance respiration costs

of the roots of sp.i

MN Maintenance respiration costs

of the nodules

MM Maintenance respiration costs

of the VA_M fungi

FLi Flux of carbon substrate (" d _ ,tg ,. ay

from the leaves ILO the stems

of sp.i

PSi Flux of carbon substrate

from the stems to the roots

of sp.i

FN Flux of carbon substrate

from the routs of the legume

to the nodules

FM FlUX of carbon substrate

from the roots of the legume

to the VAM fungal hyphae

FNU Flux of nitrogen substrate

from the stems to the leaves
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of sp.i

FNSi Flux of nitrogen substrate

from the roots to the stems

of sp.i

FNN Fl~x of nitrogen substrate

from the nodules to the roots

of. the legume.w

FNM Flux of nitrogen substrate

from the VAM fungae to the

roots of the legume

ueLi Expendature of carbon substrate gC.day·1

in leaf growth of sp.i

UCSi Expendature of carbon substrate gC.day"l

in stem growth of sp.i

ucar Exr~·l1datureof carbon substrate gC.datl

in toot growth of sp.i

UCN Expendature of carbon substrate

in nodule growth

ueM Expendature of carbon sl)hs~tate

in VAl\'l fungal growth

UNLi Expendature of nitrogen substrate

in leaf growth of sp.i

UNSi Expendaturc of nitrogen substrate

in stem growth of sp.i
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UNRi

r
Expendavure of nitrogen substrate gN.day:\

liNN Expendature of uitrogen substrate

in nodule growth

UN?v! ,-c Expendature of nitrogen substrate
;-1"

! I
ill VAM fugal growth

GLi Leaf growth rate for sp.i

ste:11growth rate for sp.i

ORi Root growth rate for .sp.i

gST.ID"Z.day·t

g$-T·U1"2.day·!

GSi

GM Mycorrhizal i~rowth rate

g~·T.nfl.day"l

gST.rn"L.day !

GN Nodule growth rate

FIX Nitrogen fixation rate



ADDENDUM: Revised equations 3.35 (A7) and 3.36 (.4lJ;Ian,a their derivation.
J 7\....--:1 \\\

First consider the lower ...canopy with 10 We incident light. which has leaf area components
Lllo and L21o. The light level within the canopy h' by (Rimmington, 1984)

(AI)

Where II and l2 are dummy variables which varybetween 0 and Lllo and 0 and L210 -
respectively. Assuming the ca ~upyis homogeneous in the two components and if h is the
height fie canopy and x is the distance from the top of tile canopy, then

,11=x/h LBo .' --md l2=x/h L210
'.

(A2)

Substituting etH~ationsA2 into Al

(A3)

The photosynthetic of component 1 of the canopy is

Pl lo= fUlll Al*J*AMl dll
J (j Al *1+AM 1

(A4)

Substitutf

dl1=dx
11:-0

(AS)

and equations A3 into equation A4

PHo""" LllQ (It AMI *Al"]o*e-x1h+(KH"L_lIu+K2+L2lo) dx
h., J (I AMI +Al*Io*e-:<Ib"'{Kl""L1!O+K1';U!I'l)

(A4)

= 1,l1n*AMl "Al *lo fh lo*e"Xjh+tKI*L11O+K~~'L:3h')
~._._ .. -- .......... '.. ... ""~~~'.;oo;.' .• '_- =

11 J (! AMi +Al *I{)*e·!Jh·(Kl+L1k'+Kl~t'.:?I:J1

- Llln*AMl*A l*hl In [AMI +A'l '~Io*e·xih"(Kl~L1!O+K2{"L2b:}J '"

h

(Au)

from x""",Oto x=h



PUo::::.: AM1*Lilo_ *
Kl *Ltlo+K2*L~lo

In[ .. i, AM1+At*I*,-!xg(~Kl*Ll11p-K2*L21JlJ) 1
AMI +~'!\1*l*exp(-Kl *Llup-K2*L2up~Kl *Lllo-K2*L210),

(A7)

similarly, for species 2

1'210 = ~AM2*L2{Q___ *-
Kl*Lllo+K2"'L21o

. ]in .•......AM~+A2*1*exp(-KI *Llup-K2*L2ug} ....... ~
[ AM2+ A2*t*exp(-Kl*Llup-K2*L2up:KI *L11o-K2*!..21o)

(A7)
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