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ABSTRACT

il

This project represents ibe.development of ‘a comprehensive descﬁption of'fhe. growth -

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

Particutar attention has been paid to the impact of two symbiotic associations Llegume
root nodules and vesicular arbuscular mycorrhxzae) 1pn the’ growth of the two plant
.species. The development of the description was- clmded inte two parts. The first of these

was a plant growth trial l;n which the effecis of establishment of symbioses on plant

growth, nitrogen status and biomass distribution was assessed. In‘the case of ryegrass,

_heither of eh”e twies Symbio:til'é aé“!snciﬁtions .ha'd.a.nv siéniﬁcant im;)léct on growth, nutrient
- status or rescurce allocatmr However, both symbioses played a significant rolé in ::he
enhancpment of clover growth and this enhancement of growth was apparently due to
improved nutrient staius of plamts in association with symbionts. The n:nproved nutrient
availability il; Iclover plaﬁts whir;h entered into sj;mbi.btic ,ﬁartnershiﬁs-also resulted in a
greater proportion of plant biomasts being located 1n abiimie ground structures. |

n

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

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

carbon and substrate nitrogen. Carbon substrate acquisition was caleulated by moans, of
a mixed canopy photosynthetic model where light attenuation (and therefore
photosynthesis) through the canopy was determtined on the basis of the leaf area

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

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

The distribution of acquired resoutces withiu the model plants was described using a



- . o 3,

- ﬂux-utnhzatmn model similar to that develnped b), ‘Thornley (1972). Slmmatlon results

were generally .,,-hﬂar to growth trial data in the ciovar, altlwugh the model was unable

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

biothass simulations were similar to observed data, nitrogen contents differed noticpabiy. |

The shortcomings'of the model et as indieators of where gaps in our understanding of

the system exist.
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CHAPTER 1: LITERATURE REVIEW '

1.L INTRODUCTION

The system {c be described in this dissertation comprises of four biotic components: a

legume (Trifoliwun repem L.). a grass (Lalmm multiflorum 1..}, symbxot:c nodule-forming .

\

. bacteria and symblonc vesmuiar«arbuscnial muc‘mrhtzal fungi In terms of the nitrogen
| and carbon relations, this is a falrly compiea system, consisting of at l%xn!a_st 16 state
variables (Fig. 1.1). One reason for interest in such 2 system is that these ilitei'crog
systems are incfeasingly being used in agriculture. It has often been reported that. give'i
the correct management, tl;ey produce higher yxeld per #rea (overyleldmg) whcn
Lompax ed with monocultures 0f the componc nt species (Reeves, 1992). In addition to
the agricultural potential of inteycrop systems, these system offer several interesiing
possibilities for forma) description and analysis and it is on these that the bulk of the

[}

dissertation focuses.

The first subjects ﬁealt with in this chapter are, the use of models as a déscriptive tool
in biology in general terms, énd 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 discﬁssed. 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 di‘scu_fsed. Particular emphasis is placed on the bioclogy and

physiology of the symbiotic associations. The reason for this emphasis is that to date, the



. 1.2 THE MODELLING APPROACH

role of svmbionts in plant growtr—‘has been Iarge.y lgnored in- plant growth tr;odels Th:s
hterature thus serves as the foundation fm- incorporating these into the modesl developed
Aspecis of general nutrlent acquisition are also brleﬂy dealt with in this se;f;tmn and are
again considercd in chapter 4. The last section of this literature .revie}iv deals with

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

allocation.

‘The classicai"view of modelling is that it is' a tool to allow tl;é integration of ideas
generateé through the cencephlaliéation of complex systems into organisaticmql. levels |
(Loomis et at 1979). Pennmg de Vnes (1983) clearly defined the benefits to be gained
from the use of modelhng W
i.- to help define and categorise the state of i&noﬁ‘ledlge,
M. to help locate gaps in; knowledge, |
iif. to makéjhypotheses explicit and thus set priorities for research,
iv. to allow integrated informatioﬁ to be made operational,

fil
v, to provide a2 means for disseminating knowlerdge.

Mathematical models ars par tlcularly useful (if not essentml) since mathematlcs prowdes
a symbolic logic which is capable of descnbmg ideas and relatlonshlps of great
complexity while still retaining a simplicity of stateinent (Jeffers, 1988). Implicit in the

use of a mathematical equation to describe the relationship between twe or more
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11, Conowg componunta
E&umwﬁm &hmmmﬂh”‘mw’"”wm“

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

by aswcmtlou, about the problem we are researching (Cll'lrles~Edwa1 ds, Doley,

Rnnmmgton, 1986).

1.3 INTERCROPPING

An intercropping system is defined as a system where two or more crop species are



grown together ot the same land, at the same txme (Cordero and MeCollum, 1979) It
f:‘

has been proposed that givén appmprlate Spemes and management these shc-u!d be able’

to produce greater yields than the compouent monocultures; debpxte the occurrence of

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

use of grass/legume mixtures which could px*oéuce benefits not only in terms.of quantity, -

but quah‘y as well (due to N fixing symbionts assocmtad with the Iegume component)l :

{ Reeves, 199’?)

]
1

Legume / non-legume intercrops are tho.ught to be particularly produqtiva combinations

under candiﬁons of limited soil nitrogen. I is btalievedithat nitrogen fixation by the

legume i in some way {or ways) benetits not onI}} itself, but i.he non-legume toe. There are

fwo possﬂ:le mechamsms for this benefit:

1. 11. i possﬂ:le that the mtrogen benefit is. _\cbnferre@ as a wSuit of reduced
competmve explmtdtmn of mmeral mtrogen i:y the legume.

2.~ On the other hand, it is possx{bl‘e that there is direct transfer of nitrogen from the

r

legume to the non-legume.

[IThere are a number of possible mechanisms for such direct transfer, including

n
'

decomnosition or mineralisation, nodule or root exudates, or via a commeon mycorrhizal
network.

There are a great number of reports on investigations of grass iegume intercrops.
Improved corn dry mass yield has been reported in intercropped corn and soybean fields
(Herbert er al, 1982), however, this was at the cost of decreased soybean yields.

Improvements in corn grain yields have also been reported for the same mixture
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{Crookston .«nd Hill, 19‘79). Various other mixtures have also been inirc_estigated -

including: maize and winged bean whick showed an increased pmteirx conient in thé

maize (Hikam ¢ al, ]99") ar'1~501 ghum and vinto béan (Carr et al, 1992) In addstmn,

7
varmus fmagc crop mmures haVe peen investigated, including Iuceme smd various c!over

 species as the ;egume component, vnth various species of gzasr such as perenn.al

-ryegrass, Parzic;;m virpatum ete (()Isen, Kaiser and Al—Ma.skari, 1993): In thie case of

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

ful

white clover and varions ryegrass i’orage ‘mixturss, it has been found that the clover is

usually at a compétitive'disadvautagé, despite having faster single leaf photosynthetic

rates (Martin and Field, 1984) resulting in overtoppmtr of the clover. This condition may
be allevlated in a mlmbel of ways including careful selection of plantmg ratios
(Papadopoulos, 1992). Another possibility is the use of symbiotic interactions to oLift 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 c!over_ 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 herbivides hnd pesticides

(Corderc and McCollum, 1979).
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1.4 ABOVE GROUND PROCESSES

General}x all above ground plant structu res and activities are associated with the process
A of photosgntﬁesis. This ﬁrocess can be considered at 2 nluhiber of-l_jleveis ranging from
molecular or biochemical to whole piémt or canopy. A number of factm:s limit the rate
of photosyl;thesis and these can be divided into intrinsic and extémal. Intrinsic fastors
inclﬁde the amoux;fs and catalytic activity of the photosynthetic enzymes such as ribulose-
1,S~bisphos;$hate-carboxyla#e-oﬁygenase (RUBISCO), and the rate at which substrates
for these enzymes (eg. CQ,) diffuse to sites of photosynthesis. Formal descriptions of the
activities of these enzymes are nsually based on Michaelis-Menten kineﬁc formulations’

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

External factors influencing photosynthesis include light, atmospheric concentrations of
CO, and O,, and temperature (Marshaﬂ and Biscoe, 1980). In addition to these above
ground external factors, bel_ow ground factors such as nun-ien",‘\.:_and water availability also -
play important roles: the amdunts and activities of photosynlthetic enzymes are s'trong’ly
dependent on the supply of mineral nutrients such as nitrogen and phosphosus while the
movement of CO, into the leaves is very tightly linked to transpiration (Pearcy e af,

1987).

Because of the obvious importance of photosynthesis in terms of plant growth and
pmducnon (Osmcmd 1987), numerous attempts have been made to describe the process
formally (eg Farquhar, von Caemmerer and Berry, 1980; Marshal] and Biscoe, 1980;

Johnsonu-and Thornley, 1983; Rimmington, 1984). Some models are based on detailed
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| deiscriptionls of the biochemical processes (eg_. Farquhar e éi .IEPSD), however, these tend
to be rather complicated and érér difficult to extend to scalés larger than leaf
photosynthesis. Light is of obvicus importance in driving photosynthesis (Marshalt :an-d
Biscoe 1980). A very common approach to modelling leaf photosynthesis is therefors to
amalgamate all intriﬁsiq factors &efining photosynthetic activity into two pa?amfeters.: the
Iight-ljsbaturated photosynthetic rate (AM or more commeonly Amax), and the quantum
yield efficiency (A or more commonly e}, and then to describe ﬁhothynthetic rate asa
function of irradiance. Since photosynthesis is dependent on a number of facﬁors other

than light, the rate is limited by ﬁ‘le pace of tﬁd*, "slowest” process. Thus describing the:.
rate of pLotosYnthesis_(of leaves) as a function of AM aund A has often relied on the use *
of rectangular hyperbolic functions and similar apalogpes (eg Johnson and Thc;;‘nley,

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

functions of varicus factors such as tem;:;erature (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 of

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 béen restricted to monoculture canopies although
there are a few exceptions (Rimmington, 1984; Papadopoulos, 1992). The model

devsloped by Rimmington (1984) is based on a very good description of light attenuation
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through mixed canopies, however, there are a v mber of oversimplifications in the

-sealing up from leaf photosynthesis tq”canopy photosynthesis. The model developed by

" Papadopoulos {19%2) improved on the Rimmington mode] by iucorpbrating the effects '
 of environmental variables such as seasonal variability in temperature and ifradiance.’

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

al

pa‘rticular leaf area distribution through the canopy was unrealistically static. ’!ii;e canopy
photosynthesis modél develapéd in chapter 3 represents an improvement on both of
theser previous models: Rimmington’s desc;iptj;n of light attenuation through & mixed
capopy is combined with the integration developed by Johnsk-im-a-nld Thornley (1984; for

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

d
i

distribution of leaf area within a mixed canopy.

1.5 BELOW GROUND PROCESSES

?

1.5.1 NUTRIENT ACQUISITION

It should be efrp'iasized that the word acquisition infers that more is involved in getting

inorganic nutrients into the plant than ion tr‘anéf:brt across cell membranes (Clarkson,

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

importance in nutrient- uptake (Robinson, 1986). When | plants are stressed by low
natrient availability, they commonly increase their root uptake capacity (equivalent to
Davidson's (1969) soot activity), and also increase their growth allocation to rootr

(Gutschick, 1993). These;-modifig?d‘éé::ns allow plants to ﬁ_épproach ‘2 baladce between

r. N

T



nutrient :{cquigition., and photésynthate supply. From liquid culture experiments, the

- activity of uptake sites (often defined by the Michaelis-Menten constants Ky and V)

is particularly important (Ingestad and figze;i 1988). This is becanse of rapid
replenishment of the solution close to the roat surface. However, in the case of plants
in a soil medium, deple: on sheaths/zonss form around the root. In this siteation charigés

in root growﬂi lappear to be more important than changes in the activity of uptake

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

From the perspectlve of the soil, fluxes-of nutrients to replemsh the depletion sheath is
a sahent feature (Gum hick, 1993). The mobﬁli:u of the nutrients of interest in the seil
ﬁ

may in fact blur the above generali;ations regarding priority of allocation l:ietwe"en

activity or growth, For mobnl nutrlents (such as NH,*, NOy, K*), depletion zones may

be rapxdly replenished so that the situation raa.embles liquid culiure experiments and the

activity” of uptake sites mém}r be more important. Ok the other hand, for immobite

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

The abmlre discuz fou applies 1o situations where nutrient supply is suboptimal- to
optimal. When nutrien;,s are available in superéptimal' levels, a4 key ;“actor in the
regulation of uptake is plant demad. Nutrient uptake will be limited by reducing both
the uptake activity, and root growth rate relative to shoot growth. The most simple
mechanistic explah'ation:_for this is that nutrient concentration in a tissue determines thé
photosynthate demand in that tissue, and because of the high levels of nuirients reaching
the shoot, the shoor tissues will have a greater photosynth'lte demand. They will

therefors retain a g,rergter pninportmn of photosynthates, and a relatively smaller

\.__.1\‘
b
s
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proportion will be allncated below ground (Agren allld Ingestad, 1087) However, i‘us -
possibility is not conmdered in the nutrlent acquisition model dﬂveloped below since lt
is asswined that the system is expetiencing suboptitaal mtrogen lwai., This is in line wath
the experimen'tal work which was carried out (where the growth medium was tiver sand
and the ferti]iser- applications were low to sncourage establishment of symbionts). It is
also in line with the fact that the great benefit of legumé?grass intereropping s to be

derived ia nutrient-poor situations (see section 13) - L

\
!
E

1.5.2 NODULE»-F(DRMING BACTERIA

-] -~

i

_ Rhizobium-legume root odules are highly organised hyperplastic, hypertrophic tissue

masses derived from root eortical cells. There are three major groupings of nodules

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

cylindrical nodules are t‘ﬁrmed with protracted apical meristematic develoﬁment'iﬁélt
assimifate fixed nitrogén into amides; b. spherical nodules with trapsient internal
me;ristematic development that assimilate fixed N into arvides: ¢. collar type nodules that
encirele the tap root (Vance ef gé, 1968). The first of these three is _found ir- Trifolium
species, P‘ollpwirig inoculation with speeific rhizobial strains'., a complex series of
development’#l alterations beéins involving both Fr".)artners, which culminates in the
formation uf nitrogen fixing moi-_: nodules. The impoi—tixncé of these symbioses stér'hs from
the.ability of'the bacterial sy‘mb;o'ﬂt to fix atmospheric nitrogen Ey imeans of nitrogenase

under appropriate conditions. (Globally, nodule nediated nitrogen fixation is responsible
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for fixing approximately 10° tonnes of nitrogeh per annum (Downie and Johnstbn~" 1988)..

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

of costly nitrogen fertiliser and “has fed to. agriculiural practioss such as legume

A3
"

-intercroppiné ﬁientitmed above (section 1.3). o Lt

The deveiopment- of aciive nodulés represapts . an intriguing example of joint

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

invalves Specific expression of genes in both symbiotic partners (Downie and J oh"nsic;n,
1988): The initial step in the develdpment " of the legume-RhAizobitum interaéﬁon is
belisved to_invnlve; bacterial recognition of low molecular weight flavones and flavan ohiies
exuded fri;m the legumé roots {Downie and Sohuston, 1988 ."\f"ance ei al,, 1988!;). This is
.mediate:i,_ in. part eit least, by bac;eria'l.rmd D g;lenes. The interaction between thesle

exudates and nod D genes resulis in the induction of several other bacterial nod genes

(eg nod ABC, the gerw products of which form a soluble factor that is required for root

 hair curling and possibly eliciting development of ﬂ;e nodule meristem) (Downie and

Johnston, 1988). Specificity is an -importan"t featurs, with particular lagqmes being -
infectzd only by a limited range of thizobial strains or species. It has been sugpested that

this specificity is established at a very; early stage and that this is achisved by eombining

 plant-produced flavenoid signals with the bacterial si'g'nal to produce Toot hair c:urling '

factors (Downie and Johnston 1988),

The curling of the root hairs, initiated by signals from both symbiotic partaers results in
entrapment of sz_cteria withiu the curl and this is followed by active penetration, by the

bacterjum, throﬂgh the plant cell wall. As this pruetration occurs, root hair cell wall
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gmwtﬁ is re-orientated and appqsiﬁcnél_ wall growfh _is_l___initiated fo foim the so-called .
infection thread. Several hours prior tﬁ- the p'enetraﬁon of the root corte%-. by the
infection thread, signals from the rhizobial symbi’c;nt initiate 4 focus of cell division that
later becomes the nodule meristem, This functions for an indeterminate period in :the
elonga‘ié-cylindﬁcal nodules. "fh_e nodule meristern proliferates in adyanée of the
infection thread, and nodule cells arourf& this are iuvnded by the i@lfection thread which
re!eéses bacteria i;lto the cytoplasm of the host éélls. As the b'acteri;a.enter they become
enclosed by- the peribacteroid meinﬂ‘lbmn'eIj (PBM). Onee inéide the plant cells,
differentia;tion of fhﬁ;; basteria into bacteroids 6qcurs along with induction of nitrogenase

aetivity.

bl

Iy :

1.5.2.1 FLUXES OF CARBON AND NITROGEN BETWEEN THE LEGUME AND

IR}

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 (for iustance, nodule

tespiration tnay make up as much as 35% of the total root respiration according to

Kouchi e? al., 1985). This is despite the fact that a certain proportion {10 - 149%) of these

~ costs are accou__hted for by CO, fixation in 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 plunt fraction of the
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nodules by either alkaline invertase or sucrose synthase (Copeland, Vella and Hong,
1989). These enzymes have oftén been implicated in -regﬁlating sink str;ngth by
regulating the concer;ﬁatian of sucrose in some area of the plant. The mono- and
disaccharides are processed in the plant cells and supplied to thtﬂ badterbids in ‘shé form

K C4-dicaz'l;oxyiic acids (Vance and Heichel, 1991). + .i |
In addition to the regul;ory activity of sucrose synthase and Eia’.lkaline; invertuase, the
mterf.ace between the plant cell cytoplasm antd the bacteroids repmsents A very 1mportant
regulatory site for nodule activities (Aapels and Haaker, 1991; Rosendahl Dilworth and
Glenn, 1992). Tlus interface comprises “the peribacteroid - membmua (PBM), the
periplastic Space and the bacterotd membrane, Fluxes of substdnc“es across this inferface
will regulate not only the exchange of carbon and nitrogen substrams between plant and

. bacteroids, but also the physical conditions (pO,, pH and mxué envnmnment) in the

bac¢teroid (and fhus the efficiency of N, fixation) (Rosendahl et ssl, 1992).

!
i

There are a number of mechanisms Itlhat have been proposed to ci'escribc' the excﬁange
of mrbon and nitrogen across the nldntubactermd interface. Que :.uggestmn is that a
malate/aspartate shuttle similar to that associated thh mttochondna is mvolved {Aapels
and r{aaker, 1991). However, more recent evidence seems to indi n’:asg that this is unlikely
(Rosendahl et ¢, 1992). These latter authors suggest two a!ternatiiﬁs. The first is that
malate is converted to OAA' (by MDH? and pyruvate (vr,a n‘ialic enzyms).

Transainination with amino donors such as gletamate would then produce aspartate and

' Oxaloacetic acid,

* Malate dehydrogenase.
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alanine. How these amino acids migl';t cross the PBM is 'nqot yet known although it has
been suggésfed that nitrogen nuirition in symbiotic 1“:?2 Ei)iation mayﬁinvoive the plant
providing amino acids in exchange for NH," (Vance and Heichel, 1991). .‘The, other
alternative proposed by ﬁosendahl et al. (1992) is that transformations take place in the
periplastic space through the jctivity of tranéﬁmi'ﬁ#ses (although the presence of these

has yet to be shown).

it has ‘veen argued Ey a number of authors that because of the sirong sink stfength of
the nodules; that the vast _majority nf: carbon used is recently assimilated carbon as
opposéd- t;; storage forms (Gordoun et al, 1985). Cralle and Heichel (1985) ﬁi::served an
80%: decrease in nodule .fixaticm in alfalfa vh:tl;in 24 hours of shoot removal, Dabas,
Swaraj and Sheorar (1988) reported the same findings; however, they also found that the -
1evels of carbohydrate in the nodules were not decreased at.the same rate as N , fixation
suggestm g that there was some other short term regulation mechamsm. More convmcmg
evidence for this "reueut assimilate”. theory comes from work using carbon iéotope
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 ai., 1985). These
authorg argued thalt other studies may nlo;ﬁ have had sufficient resolution of éarly events
since the turm: ue-expart and respiration) of labelled carbon in the nodules was-very
rapid. Kouchi e ol (1985) also interpret their carbon labelling wOrL as sug;_,estmg the
importance of recently assimilated carbou; howevar, they also note that at night the

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
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are fﬁvoured by nodales since nodyles appear not o be sti'ongly perturbed by short term,
interruptions in photosynthesis (Boller and Heichel, 1983). In addition Ito this, Finn and
Brun (i 982) interpreted- the lag of only six hours between decreasing, photosynthesis and
decreasing N, fixation (due to application of water stress) as evidence for the use of
storage carbohyc;i;;ates. The evidence for this thec&y is far weaker than the alternative.
In the fiﬁal anab;sis, it does not real]y matter whether nodules use recently fixed carbon

' ﬁjctr Isto;ag_el'forms, and in fact there is evidence that noduleé @iil in fact use whichever is
avarilable at the time (Vance and Heichel, 1991). The general conclusion that can be
drawn is that there is strong coupling between carbion assimilation and n{trogen contents
, and thus N, fixation (Boller and Heichél, 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 ez af, 1981) between
the pr?ces!:ses of C assimilation and N, fixation. If such a functional b;uance. gan be
assumed then Davidson's (1969) formulation can be applied to the system in question.
According to this formulationf nodule mass and activity should tend towards a balanc_e
with other plant activities sucth photosynthesis. Thus plants with increa.sed nnd.ule mass
should exhibit increased ‘s and/or activity of the rest of the plant, as was found by
Cralle, Heichel and Barnes (1987}, It is apparent from thé literature th:;t nodules
respond to ﬂuctuation;.s Iin photosynthate supply by changes in mass, rather than changes

in activity (Vance and Heichel, 1991; Ryle, Powell and Davidéon, 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
i



34

éonce{ntration in the nodale seems to Eer important (Dabas, Swaraj and Sheoran, 1988).
The enzyme nitrogenase po;es something of a paradox in ‘that while jis fﬁnctioning is
dependent on large quantities of ATP (which would usually be supplied by aerobfc
respiration), the enzyme is irreversibly denatured by O,. It is fc. this reasdn that the rdc;t
nodule symbiosis exhibits several adaptations for fine reguiat:ion of o#ygen levels. These
ax;e: {a) an oxygen diffusion barrier in the nodule cortex; (b) synthesis of the O,-binding
protein leghaemoglobin (Lb) within the nodules which f;}éiiitates oxygen flux to the .
bacteroids within the infected zone; (c) plait redirectilon of glycolysis to- malate with
subsequént reductive ;ormation of succinate under microaerobic conditions; (d) bacteroid

" utilization t;f Cé-dicarboxylic acids rather than mono- and disaccharides to fuel

nitrogenase activity; and (e) baéterial A’]"P formation coupled to a high-affinity termilnal

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, éenetic and nuiritional responses .
(Minchin et al., 1981). The activity and biomass of n;dﬁles appaar to approach fum;tional
balance with other plant pi'oce§§es being closely regu]éted both in the short term
(perhaps by bz content), and in the long term (by way of photosynthate supply). Aspectsl

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

formally in chapter 4.
153 VESICULAR-ARBUSCULAR MYCORRHIZAE

Vesicular arbuscular mycorrhizae (VAM) are symbiotic associations formed between
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vascular plants and fuhga! species of the Qrder Glomales (Mbrtpn. 1993). Tﬁa
colonization of plant roots by VAM fungi involves-the formation of intercélhllar hyphae’
and higlly branched intracellular arbuscules and vesicles scattere;l throughout thé_. root.
The -establishment of in&acellular phases is believed to. be achieved through wall
ﬂegrada,tion by cell wall-bydrolysing enzymes (Garcia-Garrido, Gamia-_Roméra and
Ocampo, 1992). VAM symbioses are wide-spfeﬁd, occurring in 80% of vascular plant
species (Smith and | Gianinazzi-?eafitsqn, 1988), and within a single host species the
posgibifity of common mycoithizal networks is high, Also, many of the fungi that form
mycorrhizas have low host sj:eciﬁci{y, and this ﬁas led to the suggestion that these fﬁngi
may link plate of different species ('Newm't'an, 1988). It has thus been suggesied that
VAM fungi may be ai)le to bridge different plants, thereby breaking down some
physiological batriers (Newman, 1988). This may shift the dompetitive balan;:e in the

direction of some members of & commuxzity (St-John and Coleman, i983).

0
¢ .

The infection process develops from an eucoﬁ:__ﬁer between a hypha and a4 root. T}I-xe
dynamics of mycorrhizal infection are hy nature complex becatise both fungal infection
dynamies and root growth dynamics must be considered as well as féedback beiween
these processes. Mycorrhizal infection can be modelled mathematically in a similat way
to the spread of pathogen.s. Buwaldo er al (1982) have reviewed a number of modelling
approaches based on pérmutations of a logistic typer of growth hxodel. However, this
approach is purely empirical and does not take into account the effects of .mot carbon -
allocation (Thomﬂlpson, Robson znd Abbott, 1990; Andersen and Rygiewicz, 1991) or soil
nutrient contents (Sylvia ai:illd Neal, 1990) on infection dynamics. As an a}térnative to this

logistic approach, the myctrrhizal fungi may be considered, not as a different organism,
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‘but rather &s an additiona! organ of the plant. The infection process is therefore -
regu .'{gted by the plants 'alllpcation regime which is in turn dictated by carbon and nutrient.

availability, Clearly this approach is only appropriate for non-parasitic symbioses. Y '_
. . : - - AN

{
VAM syniﬁiﬁsis appears to play an important rol‘e- in uptake of nutriel.;.ts and pﬁss-ibly
: \Imater in vascular plants J(Veenendaal et al., 1992) by increasing the absorptive surface
as well as the volume of soil explored. This can be very ss’mpiy ﬁemunsﬁgféd witl;
referznce to cylinder geometry. By assuming that both the Iiny’rcoﬁ-hizal fungal hyphae and
the roots éu‘e cylindrical, and that the volume of soil explored is-a function of the length |

of the cyliudexf‘_, __thén by rearrauging the foilnwing equétions:_

vmg.-,.szmr*LRf,m. ;i | (i.l )
Vieve= TRy *Lasve . | .' - (12)
(Qhere V ooy atid VM\QC are the volumes uf.the root and of the root and the mycorrhizal
- fungal hyphae; Rygonr and Ryye- are the radii éf the root and l;yphae respectively; and

Lpogr and Lyyee are the longths of the root and hyphae) we get expressions for the h

lengths of the respective structures:
Lroor= VioormReeon® . ' ) (L3)

Lntve= VavcmRuvc? | - - (14)

i
j
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fr

If it is then assumed ihat the mean mding r}f the roct is of the order of 20 times that of
the hyphae (Gutschick, }..393_), then. for any given tissue volume the length of the hyphae
3 Il—_’-..t ’\-‘__“_“ . o

will be 400 times (20%) ti‘,‘iué;- S e root.

2

When considering the sﬁrface aréas of thff;rc::{:)t (SAppor) and hyphae (SAyvye):
‘.ISAamfmz“;‘ﬁ”* 'Rurjmﬁmom ' (1.5) |
_SA;@sZ*«r*RWC*LMTC ' - (1.6) |
..Then, by substituting fo?' length fmd simplifying:

SAWFE“V@JRRW | B | (L7)
Soc2ValRae S N s
Then if it is again assumed that the mean rﬁot radius ié 20 tg;nes that of the hypha,_t,é, then
it can be seen that for any particular volume of tissue, the roﬁt will have Ia ’ib tm}?s

smaller surface ares.

In order o relate these volumes io biomass, it i$ necessary to introduce tissue densities

)
,,

Vnor_rr”MRomifP ;aocrr : . ' (1.9}

(g.m?) for root (Pyoay) and for the fungué. (Pyye):
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Vare=Myeo/Frve | o | ! - (1.10y

[

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 cosis (in terms of biomass aliocated) of increasing the Iength and

suriace area of the absorptxve structures wnll be far less in the case -of the fungal hyphae

-

The bulk of nutrient exchaﬁge between the fungus and the plant appears to oceur at the

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

‘symbionts as well as fhe interfacial -époplasm. Althc:ug_h several modiﬁcat;ions't_o the

interfacial meinbranes have been hypothesised (eg increased pen;icabili&; -of the
membranes), the only feature that has really been d‘eﬁénstrated experimen;ﬁﬂj? is the
locahsatmn of H*—ATPases on the membranes of both symblotxc par tners (C‘rmﬂmazzx»
Pearscm eral., 1991). This is believed to play avery unportant role in the active transport
of several substances into both of the symbmnts. In addition to the H*—ATPase linked
transport mechanisms, & number of other mechanisms are thought to be involved
including passive fluxes, and linking of mhetabolic proc;asses {as in tll1e’ case of nitrogen)
(Smith and S.mith, 1990). The polaritie!ss. ol these fluxes are generally not fixed and seemn

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

15.3.1 CARBON PHYSIOLOGY OF MYCORRHIZAE

it is widely accepted that mycorrhizal fungi are dependent on their host plant for carbon

¢



supply. Anc!ersbn and Rygiewicz (1§S}1) noted that the extent of infecfiop in .t least in

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

the vigour of established myrorrhizal associations is affected -by availability of carbon fér_

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 plzint-’supplied carbon

gitters the apoplast by passive fluxes of sucrose or hexose sugars (Smith and Staith,

- 1990). This éb\dous!y necessitates a downward concentration gradient whick has led to

- “the postulated role of invertase in the apoplast. Whether or not there is any medification

of the plant plasma membrane 1o increase its permeability is uncléar (gl;,hough Smit

Jymbiont may also be in the form of plant SYﬂthB“lSed wall preuurso;* (Smlth and Smith,
1

1990). This mode of carbon supply is dependent on the modlfi\ ham of plant wall

deposition 24 the mterfﬁce by fungal medlated inactivation of the pclymensatwn process '

(Smith and Gianin d'c‘,h-':'eaI'SDII, 1988)

Processes involved with the uptake of this carbon by the ftmgal symblont are also not

[

an H*~Ixﬁxose sugar symport systent where the H* gradient is generated by the B™-

ATPases which have been reported to oceur in association with the, fungal membrane
(Gianipazzi-Pearson ef al., 1991) Another possibility 1s that the transfer may be passive,
and therefore dependent on *he matitenance of a gradient. Low sugar ¢ mcentratlous

in the fungal symhnont may be mamtamed by conversion of sugars to "non-rensable”

hplds and glycogen. In 1he ericoid mycorrhizal fungi, “C stu dles have :'sugnrested that host

~ aud Smith [1990] argue strongly against such a proposal). Carbog supply to the fungal .

i

_ partlculany clear. One posmblhty is that this uptake is active and facthated by way of
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carbohydrates (eg, Sucrose) are absorbed by the fungus and converted into manaitol and

trehalose thus maintaining the concentration gradient (Stribley ;nd Read, 1974). A

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

converted o irehalaée, glycogen ond mannitol (France and Read, 1983), The

involvement of trehaloses in carbon transport has also been wuggested in the vesicular
i

arbuscalar mycorrhyzal (VAM) fungi. Schubert e of {1992) reported the OCCJ:I_‘!“EHC'B of )

\

“trehalose in the spores of VAM fuhgi as well as in the mycorrhizal roots.

Iﬁ' addition to this general concept of carbon transfer, France and Read (1983) note that
ﬂu an inricate relationship between the carbon and nitrogen physiology at the host-
1ﬁwglzs mntetface. It s suggested that mycorrhyzal fungi may act as centres of nitrogen
:metai;"xol-ism (Smith and Smith, 19905 and that the host plant may take up organic
mtregfen in the form of amino acids or amides across the plant fungus interface in
lexchange for- carbon based m.cursors. Irrespectwe of the mechamsms nfnvnlved the
t;ransport of these arnma»,aclds or amides provides a route for bxdlrectmnai movement

"r

'ot carbon over and above "}.h:: net sugar flux needed for growth of the fungus (;Sm.lth' and
: i

Smith, 1990).

"t has aiso long been suggested that common mycorrhiml fungi may faciiiitétf* fluxes of
ciﬁ‘bon hetween different plants within & populntmu or community (Stnbley and Read,
19’74) Hirrel and Gerdemann (1979) investigated the possibility of “C fluxes between
unions infected with VAM fungi and found strong suggestive evidence for the flux of
'carbﬁn between individual plants: More recently, Martins (1993) 11%15 also investigated
this possibility and puts for wnrtji-l'-;stl‘ﬁng evidence for direct transfer (foot-symbiont-root)

0
R A v
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-of labeiled earbon. In.order for such fluxes to oceur, interfacizl transfer processes would

have to be completél"y revérsfl'tjlé. It is also Upossible that in plants sharing a common -
fuitgal symbiont one claf the plénts may support a greater,pro;;ortion of the ﬁmgai "cost;;",
while the other may fiérive as mnch benefit from the assoclation in terms of nutrient
absorption. Tﬂéré ca#ld thus be an inc'ﬁrelct net carbon benefit to onk of the hﬁ.é;plants.

Whether such fluxes (direct or indirect) would be sufficieatly large to have any

 significant physiological impact {s a matter for debate. \\ .

et

1.5.3.2 NITRQGESPHYSIOLOGY OF MYCORR}I_IZAE '

" It is widely believed. that mycorrhii:al fungi ore involved in the uptake and assimilation

of inorgahic nitrdge‘_h and that some of this nitrogen is transferred to the;lhcst plant

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

mycorrhizae can be deseribed by Michaelis-Menten kinstics (Jongebloed, Clements and
Berst-Pauwels, 1991). The assimilation of ammcnium in VAM involves the gluta;inine
synthetase/giutamate synthase (GS/GOGAT) biochemical pathway rather thau the
glutamate dehydrogenase pm;h {Sinith and Smith, 1990). It has been suggested tha;t VAM

fungi may act as centres for ammoaium assimilation. This would then invoive all

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

plutamate being exchang{ecl for sugars from the plant across the interface. This is
howsver not the only possibility and the distribution of GS and GOGAT at the fungus-
plant juterface has not been determined and may have implications for the transport of

nitrdgen and carbon at this interface '(see figure 2. in Smith and Smith, 1990).
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Whether VAM fungi play a role in nitrate uptake is less "ciear and to date there is o
evidence for nitrate reductase (NR) activity in VAM fungal hyphae. This is in agreement
with the general microbial preference for ;mmonium ovexj nitrate (Johansen f al., 1992}

and also with the fact that mitrate is yelatively mqbile in the soil and thus accessible 1o .
‘the root directly. NR activjty has however been repbrted in VAM fungal spores (Ho aﬁcj
Trappe, 1*)75).' 1t has also been demonstrated that VAM associations may eniance NR
(and GE) activity in the r{:nts of the host plant (Cliquet and Stewart, 1993). Recently:
-George et il (1992) have presented some evidence for the direct iﬁ_volvement of VAM

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

o

As waﬁi'the case in.' cafbdn, it has been -suggeéfed that VAM fungi thay be‘inlx\aoivéd in
mteanmt nitrogen tram.fer Thisisa pamcu larly interesting possibility when considerin g
legume, m]tercrop systems (as in thls dlssertatlon) Agam. whether this transfer is
'famlztat'gad by dn‘ect hyphal btidges, or whether it ocours through some more indirect
route is still unclear. This .issue has been investigated quite extensively using a number
!pf methods generally involving Iuitrogen isotopes and root sepagation techniques (some ,\
c;'f which are fairly complex [sg. George et al., 1992}). Haystead wr of {1988) presented |
some evidence for direct transfer based on experiments to investigate the possibility of

BN exchange between Trifolium repens and Lolium pe:renne Similar evid'encrn waj

preseuted in Hamel et al (1991b) for a maxze m,d soybédn nmture PIoquer, both scts fo

of e\ndence are only suggestive due to the possibility of lSN cychng tmm 'dead mot
matter. It is zﬂso unciear whether the magnitude of these apparently direct ﬂuxes would
be large enouéh to have any signiticant impact (Hamel ¢z czﬂl., 1991a: Hamel and Smith,

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

o
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fluses and indirect tluxes may in fact be artificial and that the root and rhizosphere
should be considered as a. unit; the "nutrisfahere" (Bethlenfalvay et al., 1990) The |

implication of this 15 that the most important issues are whether any flux is famhtated "

- by mycorrhizal infection, and thé“m'lgmmde of such ﬂm'es, rather than the exact rmlte

which is followed. It is in fact likely that both duect and indirect transfer are mvolved

1.5.3.3 PHOSPHORUS PHYSIOLOGY OF MYCORRHIZAE

-~ Although not investigated in this study, phosphorus nutrition is a vary important uspeel

of VA mycorrhizas, and has therefore been included in this review. Numercus studies
have 'demmlstrated a significant phosphorus beneﬁfit in plants grown in association with

VAM tungn {Newman, 1988). Because phosphate has a very low dxtfusmn coeﬂ’men ih

 soil, absorption is enhanced by high "rom * length density (cm. e “) (Koide, 1991). The

considerable hyphal contact with the sml is beheved to extend the potential abﬂorbmgl

surface ("root") and the incireased ]ength may exploit a greate,l volu me of $oil outside the

- putrisnt ‘“deﬁcnemy zoneg" (MHarley, 1989). In order for this to be of benuﬂt to the host |

plant there wust be some mechanism for the tn anafer of pllospnorus A physiological

- mechanism for this has been described by Smith and Smith (l‘.'}’S)O): phg}sph_prus is actively

| absorbed from the soil by ﬂle fungat Hyphae and then, transported to the fungal-plait

interfaces. At the interface loss of phosphiorus by the :':ftmgal symbiont appears.io be

passive although some modxfxcanon of the’ mterface is posmble to facahtate greater fluxes
Ie

(Smith and Smith, 1990) Actwe upta ke of phosphorus by Lhe plﬁut from the interfacial

.ttpcplast bas been inferred due to the presence of H*-A'I'Pase’s on the plant interfacial -

it



membranes (Gianinazzi-Pearson ef al., 1991).
Interphant transport of phosphotus has also been suggested and some evidence is available

to support this from a numbet" of radioactive P isotope studies. Intragpecific fluxes were

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

respectively, while interspeéiﬁc fluxes were investigated by Francis, Finlay and Read
(1986)5.In both of these investigations the results confirmed that the preéence of VAM
infection could provide channels for direct interplant phosphmus transfer and that tius may

._/
in some cases be mgmﬁcant in terms of growﬂl

Rt

I-Iowever, other mvestzgators have questmned whether fluxes are of any s:gmhcance in

terms of plant grow:h Néwman and Ritz (1986) used two mathematical mor:!els to test

hypothe‘ses regarding whether it Was necessary to infer dirt-ct phosphoris transfer to explain

- the rates of transter obﬂeﬁ-"d This work sugesteq] that the elassical soil pwl pathway was
suﬁiment to predwt observed fiuxes, Tt is poss:ble that any previously 'obsarvcd benefits of

b
common mycoirhizal infection could be due to preferential cycling of P fiom dying roots

‘of one piant 0 ii'mother of the same type of‘ mycurrﬁizﬁl'-infectidn-(ﬁasom "'Nemau and

Chuba, 19913, Newman (1988) note« that moverneut of-an 1sotope does ot hy 1tself pmve

net movement of an element. As is pmbably the case with mtrogen. zt i3 hLely that eﬁ'ects

of mycorrhizal mfecnon on mterplantr m)?ms will depend on ths physnnlognépl stabus of‘ the _

two plants, - - o .

~

\'i

i



L]

1.6 RESOURCE ALLOCATION MODELS

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

components of crop species. For this reason, 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 éxpenditure, and natuial seleetion

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

of the genotype to following generations (W’ilson, 1988). This sentirent was repeated by |
Perrin (1992) who states tnat allocation pattelxns directly affect an organisms contribution -

to population dynamics and so they will be ‘;i;nder stror%lg sejective prassure (and this

. = . b . ) .
evolutionary argument forms the basis for the so called teleonomic models described

[ v - i ;

later).

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 on stantistiéai {ormulations that best

correlate a set of observed variables with a response variable of interest (Réyﬁolds,

 Hilbert and I{'qmp, 1993). Because of prqblé}ns freqti:_'ently expea?ience'ci in c;-rﬁﬂucting

I
i

mechiznistic  models (eg oversimplifications and discontinuity in the. performance)

emp.rical models of plant growth will always rema"in useful to experimenters and

t . n i . . . o . \ 3
modellers. They may also be a necessary precursor to the construction of mechanistic

models for the sinple reason that they i'n"ovidé accurate descriptive information that may
be necessary for assessment of the mechantstic apprach. The particular form of the

il
g

tunction used is of noﬁp_ecial' physiological significance, but the accuracy in the fit

E ' oA II".:‘ J
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achieved becomes the primary aim. The purpose of this empirical modelling is to

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

A i"nl__ux_'nbér of empiﬁ"cal 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 ailoﬁletric gquétians. These ailo;:netric relations are not the allocation, but rather
the result of the allocation process (Gray’). This allometric approach to dé;criptién of
resource éllocatioﬁ is rather static and in view of Ithe fact that there is some evidence
that p!ants nny exhibit adaptive aliocation "strategies” (Iwa.sa and Roughgarden, 1984),

several other empirical approaches have been developed.

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

resources iu such a way as to allow {{tﬁem to achieve some goal. The "goal" may be

maximising growth of the plant (eg Johnson and Thoraley, 1987, Hilbert, 199G; Hilbert

and Reynolds, 1991; Gleeson, 1993) or the maximising of the contribution to su bsequent:
L '
generations (Cohen, 1971: Ledn, 1976; King and Roughgarden, 1982;x Chiariello and

Roughgarden, 1_984.; Iwasa and Roughgarden, 1984; Perrin, 1992). The use of these

R -

" toleonomit ‘models has been the subject of much"-debate' while some authors have

augge,,ted that certam teleonomic assumptmns be adopted as paradngms (Hllbeu and

. Reynolds 1991), other authors hdve drgued that there is no compelhng evidence that

- plants are sentlent uredtures capable of for ethought or plannmg (Charies-Edwards Doley

and lemmgton, 1986).
. g

A

.......




Despit}; ctiticisms levelied at t_gleonc;nic 'a;;pri;)aches, there are two lines of shpporting
evidence: Firstly there is a strong logical arglfhment« that plants capable of respdnsgs
tepding towards optimality will be selected for during evolution (Charles-Edwards, Dolgy
and Rimmington, 1696), Secondly; models based on te'sonomic assumptions Have often
been shown to correspond well with observed patterns (Reynolds and Thornley, 1982;

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

mechanisms, 4 number of so called mechanistic models have been developed. As isnoted

in Reynolds, Hilvert and Kemp (1993) oné person's mech:uéism is another person’s
empiricism. So called mechanistic models are however, _characti;arised by being 'nl*:xadf: up
of empirical and phenom’enolngicai descr’iptions of'thé:conipo:n#nt paris of the syé.tem

an approach wluch is dependent or; 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): sourceusmk based’ mechanisms, and
hormone based mechambms although the dxstmcnon is often blurred. 1n the case of the
former, zilocation of resources oceurs as a msult of flux of rescu Fees from sourve organs
to supply the demands of sink organs. The magmtu:}e of --these tluxes is dependent.on.
relative source and sinjc stréngths. Source str..2th ig assumed to be dependent on the’
rate of acquisition of the resource, which is in turn related to the siie and écftiviﬁy of the
sou;ﬁce organ. Sink strength is dependent on the rate of q;iﬁzatiou of the resz’;nufce, which*

is again dependent on the size and activity of the sink organ. i
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This proposed mechanism has been formalised into what has been dubbed the "Thoraley
approach” (Wilson, 1988) after Thornley (1972 2 and b) and applied suceessfully to several

systems (eg forest growth in Thornley - 1991). The modsl is based on fluxes of substrates

' (such as carbon which is supplied by the shoot compartment or nitrogén which is supplied

by the root), and their utilizotion for growth. The phenomenological equations describing
the fluxes are based on concentration gradients and remstance to flux, "whi(lle the utilisation-
of substrate is described by two-substrate enzyme kinetics. Growth in the shoot and root
are dependent on the §Oncenﬁ‘aﬁons of carbon aqd:l;itrogen 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 authors have s'ﬁggésted that the siple

transtocation / sink models are not adequate to explain allocation in certain experimental

observations. These anomalous ‘situations often arise when the plant has specialised
structures associated with storage eg. as in carrots (Benjamin and When, 1980), If is for this
reason that hormones have been suggested as integrating agents-between above and below

ground processes,

Rather thun being a totally conflicting theory, the hormone bassd mechanisms are an
exteiision of the -soutce-sink approach (and it shotld be noted that the possibility of
hormonal signals is tiever explicitly excluded in the “Thornley type" models). According

1o the hormone approach, source and sink strength are not only dependent on supply and
‘demand but also on levels of various plant hormones. From studies based on exogenous

applications of plant growth factors angLJtheir synthetic analogues, it has been
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shown th_at: these substances may'ma_z_‘.kedly atfect plant growth rates and morphogenesis
(Guern, 198’_7). Since growth and development is only possible If necessary resources are |
available, it hasbeen extrapolated that hormones must exert some controlling effect over
the partitioning of these. From recent literature there are a sreat number of i)apers that

deseribe the effects of growth factors in partitioning, or events which are Bhked to

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

0?" key enzymes {eg. the enhancement of nitrate reductase by cytokinins [Ln, Ertl and

Chen, 1992], or the induction of sucrose synthase by gibberellic acid [Sowokinos and
Varns, 1992] to mention just two). Fluxes may also be regulated by modifications of

'ﬁ;'?embrane transport characteristics (Peters and Felie, 1991) or even by regulation of the
i ' "

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

Because .'.of the 'diver-sity;,l of possible roles of plant growth factors in regulating
partitioning, hormones have 10 date, not been incorparated into formal mathematical
models of partitioning, However, recéntly Johnsen ¢t al., 1991 incorporated hornmonal
control into a model of water ﬂo;v thmug}; plants thereby op;enil-lg thé W:_iy for a formal

description based on 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 responseﬂ fo various factors,
including ontdgeny, inorganic nutrienis and so on. As a conclusion to this review, Wilson
(1988) sugpest that the "Thornley model" should be the mechanistic paradigm for shoot

to root partitioning, This conclusion is based on an Occam’s razor (paisimony) argument.
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1.7 REVIEW SUMMARY AND PROJECT OBJECTIVES

To conclude, the dfscus.sion presented in this chapter focuses on several key feat:;res of
the intercrop system comprising of a grass and a legume. As mentioned above (1.3), th.e
general rationale behind 1egu;ne intercrop systems is that the nodulated legume
ccmpoae;t may nimprove the nitrogen status-of the whole system. This review therefore
lays the 'tbundatior} for the experimental aﬁd modelling exercises (hat are discussed in
the following chapters. These were carried out with the primazy oﬁjec'tive of investigating
this improvement | of -nitrogen gtatus. Particular émphasis has been plﬁ&éd on the
physiological role of the two microbial symbioses which occur in the system, nﬁmely
Rhizobium nodules and vesicular arbuscular mycorrhizae..‘l”he significance of the legume
!nodulés is obvi‘oﬁs ay this association is' responsible for the fixation of \n&}roger;: however,
the role of VA tﬁycorrhizas ié slightly ]éss‘_ obviouf.\. VA mycorrhizas are u-éual]y
associated with improved phosphorous acquisition (1.5.3.3). However, recent findings
have suggested that VAM _ﬁmgi-may be important in terms of intetplant, fluxe; :_;:f

R\
nitrogen (1.5.3.2) and it was this possibility that was the rationale for incorporating these

"
i

fungi into the experimental design, ) L )
The app}oach followed in investigating the primary objective was thus three fold:

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

\ .
\

o,

v



swstem, whicl could be calibrated using the data generated in 1 above. - _
I ’ . » . ' '?__h ) o

el
’

3. It was initiaily_fiaoped that this mathematical budgei_could be farther used to .

investigaie the significance of carbon and niirogen fluges from the legpme to the grass.

.b'y way of some form of VAM "hyphal' connection as discussed in 1531 and 1.5.2.2.

However, as is "c‘i_iscus‘sed later (chapter 2), the grass failed to enter into a VAM
symbiosis so that the concept of hyphal bridging was not appropriate for this particular

system.

8
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CHAPTER 2: ALLOCATION OF BIOMASS AND -mjrgg"c EN IN A»GRASS!LEGUME

MIXED STAND AS AFFECTED BY NODULES AND MYCORRHIZAS. *
. :I:.- . . , Iﬁ
| “ R :

2.1 RATIONALE

-

There were two primary objectives to the experimental work thaﬁ was carried out: Firstly

to gam some 1n51ghts into the actual carbou and mtrogen dynamms in a real,

_-'grassflegumP mixiure as affected by the-*preseﬁce of elther nodules. on the legume

component or mycorrhizal mfectlon, and secgndly {) 1l]ow calibration c:f the model

‘deseribed in chapter 4 ag-"mst real data ‘ ﬁ\. el

2.2 MATERIALS AND METHODS

2.2.1 PLANT GROWTH_CONDiTIONS

_Tbc growth penod started in mid-November witir the plantmg of § seeds of both white

clover and Italian rye in each of 60 - 15cm diameter {(area eqmvalent to 0 0177m"-) pots.

The pottmg medium used was twice-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 translater to a density of anproxnnately 113 seeds/m?® ground for both cIover and
rye. A very simple factorial experimental design was used, w1th two facters (MYC and
NOD} each at 2 levels: +MYC and -MYC and +NOD and -NOD as defined below. ’I‘he

+MYC freatments were inoculated at pfantiﬁg with 10g of fresh grass root material
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collected from Melville I{oppies nature reserve, while the -MYC treatments were inoculated
w1th 10g autm.zave:d toot tnf.teraal from the same site. The inoculum used was thus not a

N pure incculum but rather a mixtore of rhlzosuhere components. Fundmnental to this is the

b=

‘observation that nodulte-forming bacteria tend % be highly specific (Dowme and Johnstnn, .

1988) whereasﬁ Vm_'fmgi iend to be rather promiscuous (Nevanan, 1988). Thel-iNbD

treatments were inoculated with 50 ml inoculum isolated as described below (2.2.2) at 1

week after planting; wlile the -NOD treatments received 50 ml of the same inoculum which -

had been autoclaved. Pots were watered daily, and once a week 100ml of fertilizer solrtion

(3 ppemr phosphorus and 46 ppm nitrogen)(apperdix 2) was applied to eash pot. No

vhosphorus compensation was carried out.

‘The initial growiny period wag four weeks whereatter five harvests were carried out, one
every two wecks, At each harvest three replicates were taken at random for, eaéh'treanneut

The plams harvested were separated mm their components (mots* -stems, leaves aind

C noa,ules), oven dtied at 60°C for three days, and then welghed on an analyhcdl balarce. The
only exception to this procedure for harvesting was the root harvests (P‘) from which a frésh,

‘sample was taken prmr to drying. This was used for the estimation of . intraradical

mycorrhual mft:ctmn 'I‘he dry mass of this root subsample was caleulated ss the product
i

of the {kesh mags of the subsampie and a dry ¢ fresh mass ratio. This was then added onto

the dry miss of the remaining switple to zive the total component biomass. The dey : fresh

niass raiio was_lcalculated' by dividing the dry mass of the sampl - remaining ‘after remeval

of the subsample. by the fresh mass of the sample remaining after removal of the sxsbsaiﬁ;’t:-}e

‘for each sample. Tn clover the stems were taken w be boh petinies and stolons. A

subsample (or in some cases the entire satmple)

\ ~

i



selection prooedure wias re-peated twe tlmas in orcler fo get as. pure a culture as possible
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of the dry plant material was then used for the determination of the nitrogen contents as

described helowf.-(fz_.z.ﬁ;).

222 ISQLATION ‘OF RHIZOBIUM
Active nodules from @hiﬁe cloyef plants growing st the university were ground up -Ius:ing

a mortar and pestle in a few drops of the liquid growth medium (Appendif 2). This was )
then plated out onto solid selection medium (Appendi_k 2) on 3 laming ﬂow bench-andl L
aﬂc)‘ived to growiup for a day in the dark at 25 °C. Colonies that did nct stain red in
response to congo red were then selected and plated onto a second selection plate. This

before uansfer to the hqmd medivm. Once in liquid medium the Rimabium sp was aHOWed

to grow up for one weﬂ'h befare bemg appimd 1o the plants in hqu.d form

2.2.3 STAINING OF ROOTS FOR VAM IN_FECTION_

i
Roots were stained accordmg to the method deserited in Koske and Gemma (1989). This
method is an unprovgmenﬂ; o several of the earlier methods employed from the pniut of
view that potentially har{ni‘ul chemicals (particulatly phenol and lactic acid in staining and
destaining procedures) are eliminated where possible. In addition, the number of ingredients
is kept to a mininum. The fresh root subsample taken from cach plant in each pot was

fixed and stored (overnight usually) in 10ml 50% ethanol. (This k
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step was ot necessary if the roots were to be used immediately for staining.)

}

i

i '~-_ ' ' .
The actual clearing and staining wers carried out as follows:

1. Tissue clearing:

In agdér to disrapt the cell membranes, so tat cell coﬁdtenm are lost, the root material
was placed Iinﬂ 20ml of 2,5% pcatas$ium. hydroxide (w/v) and heated at 90°C for 45
min teéj This treatment was ‘l’oudeO be the most effective in cleﬁring the tissue, without

causing too much damage to the cortex, The more rapid approach of autoclaving the

samples for three minutes was found to be very damaging to the cortes.

2. Rinsing and bleaching:
Following the tissue clearing step, the roots were rinsed several times wich distilled water

and bleached with alkalifie hydrogen peroxide (3nﬂ 209% NH,OH in 30m! 3% H,0,) for

" . 45 minutes. ‘This'was followed by a thorough rinsing in distilled water. Althd.,u_gh this step

to lighten dark roots is optional (Koske and Gemma, 1989) it was carried a.i;?‘_t_ routinely

4

on all the samples i this study as it-was found to give enhanced clarii;y when viewing

under a mictoscope. _ : o

3. Acidificatioun:

Inadequ'ate acidification is reported to result in peor binding of the trypan blue to t,hé‘__

VAM structiires (Kosk.e and Gemma, 1989), It was thegefore Lecessary to acidify the |

samples which were left highly alkaline by the preceding WO stages. In frder to achieve
_ i

this acidification, the 1ot samples were travsierred to 20ml of 1% hydrochloric acid and
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left overaight.

4. Staining: |
The material was stained in trypén blue (0.05% trypan blue in acid glycerol) at 90°C for
45 minutes. Because of the absence of phenol this- stain has the advantage of hsivin_g
1'eiétive’:y low toxicity. It also stains the fungus blue which has greater contrast than
certain of the alternatives such as acid fuscin The roots were then destained in acid
glveerol (500ml1 glycerol, 450ml watet, 50ml 1%HCI. | ‘

e -

2.2.4 ESTIMATION OF INTRARADICAL VAM COLONIZATION

There are essentially three methods for aﬂs;sesSing Iévels of infection baséd on microscopy
(as vpposed to chemical estimation of chitin). The most elementary {and least accurate)
;131:;;‘_pach is a simple subjective estitation of infertion levels. Another approach is to
base Il":the estimation on the ratio of micrascope fields of View with inféction to the total
number of ﬁelrls conmdered Although less subjective than the previous approach it can
eas:ly b& demonstrmed (McGomg}e et al 1990) that this approach often leads to
overestimation of mfect_gcm. The last group of methods is based on permutations of a
grid or line intersect method, where the infection level is determined from the ratiu:; of -
infected intersections to uninfected intersections. The approach followed in this work was
described in McGomgle et al (1990) and represents, perhaps, the least subjectwe

approach available. btamecl roots were cut into 1cm long pieces and 10 of these root .

sections were mounted parallel to the short axis of microscope slides in glycerine. These
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were observad ata magn :fxcatron of x160. The field of view of the mxcroacope wits finoved

" using the stage graticuie to make 10 camplei.e passes across each-root. segméht There

were thus a tetal of 100 intersections caunted per p}qnt and therefore a total of 200

intersections per species per raplicate. . o s

e

[ " c
-
e

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

crosshair were scored. Rotation of the crosshair ensured that each infersection wag at;

i 1

right angles to the long axis of the root. At each intersection, the roots were scored ‘into

a

', one of six categories:

a, i

¥ No i‘uugal materml in the root

2. Arbuswles (Plate n, - N

% o
N !
3. Vesicles (Plate 1) y .
A. Arbuscuies and vesicles % .o o
5. Hyphae but no arbuscules and ves‘ié‘ies ) .. “ L

}
6. Hyphae not seen to be cnnneci‘.ed 1o m“qnscules "?sr vesxcles.
- . C 5

Arbuscular coiomsatmn (AC) and ves;cula“: colomsancm (VC) were calcul d ?by

dividing the count for categories u+4 and 3+4 above respectwely by the total number

of intersections examined. Hyphal colotisation (HC) was caloulated as the ratio of

infected intersections to total mtersect.ons.

2.2.5 NITROGEN ASSAY

These were carried out using the Dorich and Nelson (1983) method which is a



Plate 1. Intrazadleal VAM fungal structures in the roots of the white clover at harvest 3. vevagcles, a=atbuseiles
ond he=hyphas. All scale bers = 1.4 pin
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coionmemc method, usmg a hvdroge:n peromde-su’iphum dcid d:gestwn step and an

el

mephenoI hlue colour developmem

The first step .in the determination was to digest the plant | ma_térial. For " this,
approxiﬁxate.ly 0,1 g of plant material was gx'dded to & small amount of selenium catalyst
and 4.4 mi digestion” mixture (Ap‘ adix 2iii), in a digestion tube. These samples were
then dlgested at 360°C in a ""rﬂe c:t.pboard until the solutions became clear They were
then allowed to cool and .,Sn_u of de-fonized water was added.  The solutxpns were

allowed to cool again and were ther made up to 50mi with de-jonized water. Blanks

were also prepared for use as standards.

For the prep_aration of the stu, & éurve, an initila:l ammonium sulphate stock solution
(0.25 M) was c“j‘!;t&ﬁ in md’-Stéps. In the fivst dilution, Emi! was made up volmﬁetn‘cally_
to 250 ml. Fd]lowing this; IO, 5, 10, 15, 20 and 25 ml of this intermediate stock were.
added to 4.4 ml of dlgcsted bldnkn and then diluted to 50 ml This gave, a series of

working standards with NH4* concentrations ranging from 0 M to S"‘I’Jﬁ M. Three

replicates were made up for each concentration.

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

plant digests was pipetted into 25 ml volumetric flasks. 1 mi of solution A (appendix 2ii)
was thep added to each of these. 2N NaQH was then added dropwise until the solution
changed colour from piﬁic to yellow. This ensured that the solutions were in the correct
pH range. 2ml of selytion B ¢ 1ppendm 2iii) followed by »hnl aolutnon C (appendix 2iii)

were then added and the f‘_l_asks were made up to volume with de-tonized water. They
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~wete then left at room temperdiure for 60 minutes to alow colour development.

i
v

The z_xbsogrl_::eances were read ;at 620 nm on a Varian 'DMS 90 UV visible
spectrqphctomletgr; For each harvest, a separate s;aﬁdnrd curve was produced tc;: account
for diflfz‘:.rences-in ﬁze reagent solutions (which were made up ﬁesh for each harvest).
These were constyucted by plotting absorbance versus concehtration'af-'_ammoﬁium
nitrog_-e'n and the concentrations of the plant digests were determined from the ;tandarci
“curve. These were then nlsed to calcul'a;te the concertratidn of nitrogen (gN.gDM™) in

i

the component.

- 2.2.6 STATISTICAL ANALYSES . _ 5

t

Because of the Ifaétorial nature of the treatment struéture the statistical ébnveﬁtion
gener;illy applied to all measured variates in this dissértation was to pariition the
variances at each hawést by wé@; of analysis of variance. This is based on the ass;nmption
that the necessary conditions fdr ANOVA’s were satistied. The exceptions to this
convention were the comparisons between mycon"hizall infection Jevels in the +N5D and
-NOD treatments and ti:e comparison between n_odnie biomasses in the. +MYC and -
MYC treatments. In fi;e case of the former,. the data were first arcs;ine transformed
 before running simple two factor ANOVA's, The arcsine transformation was used
because of the binomial nature of the data and because t{;:‘y‘ were expre§sed as
percentages, In the case of the latter comparison, s;mpie two factor ANOVA's were

used. Some caution needs to be expressed regaiding the reliability ‘of these two tests
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because of th; low degrees Ief freedom u]:.oﬂon which they are based. However, as will be
discussed later; the general lack of significance of the MYC*NOD ihteractic\ms.shom
i . .
in the siandard factorial based ANOVA’s serves as conﬁrmanon of the lack of -
significance d»tected by these two tests. It was decided that the 5% p-level would be
taken as the significance cut-c_iff,:All sigmificant differences are recorded in the text sjqce

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 MYCORREIZAL FUNGAL INFECTION .

Whereas the clover cumponents in the +MYC treatments generally showed reasonable
levels of mtraradlcal mfectmn (pamcularly in the later barvests) (table 2.1}, no mfectzon
could be deiected at any stage during the experiment in the ryegrass. In addition, no
infectic;n was detected .in either speciesl m the -MYC treamjlenfs, confirming. the
effecilzi\"e‘ﬁezss of a‘uté,cl'aving the inceulum to prevent infection. The high variability in the -
levels of iufection (reflected by the standard errors of the me.an's in table 2.1) in all but

the last harvest was due to some of the +MYC replicates not being infecte:l.

When comparing the levels of mycorrhizal infection between the +NOD and -NOD
treatments, the levels were consfistehtly slightly higher in the +NOI treatment (although

these differences ate not statistically significant).

!
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2.3.2 COMPONENT BIOMASSES

The time senes,t data far the component biomasses of clover and rye are pt esented in
flgures 21-2 4 Thé biomass values were caleulated by dividing the dry miasses in each
pot by 0.0177 m? to convert them to gDM.m™ground, In addition to these values, nodule

biomasses and shoot:rooi ratios are also presented below.

Table 2.1. Levels of.intraradical VAM t’unml infection_of white clover in +MYC
ressed as a percentage). HC = hynhal colonisation; AC = arbuscular
colomsanon. VC = vesicular colonisation. Data are means of 3 replicates = SEM

Harvest# HC Ve AC

1 +NOD  0%0.00 00.00 - 0::0.00
-NOD 020.20 0::0.00 02:0.00

2 +NOD 1258655 2.4121.03 4.5321.86
-NOD 10.87+5.01 | 13320.63 - 6.0123.16

5 4+NOD 25221032 3.63+1.63 6.10:2.54

. .NOD 14.8124.38 5475183 6671047

4 +NOD  3333:16.88 6.13:2.87 6.61:2.87
NOD 13.77:1.50 453%1.15 7.10+1.32

5 +NOD 77332621 11.03::0.59 $1.77£3.98
.NOD 69.13:4:5.24 10.00+1.78 42.504.91

2.3.2.1 TOTAL BIOMASS

In the case of the ryegrass, there was an almost linear increase in the biomass over the
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84 day growth perxod (txg 2 ]b‘; No mgmficant (p=0. 0.:) factor or mteractmn dlfferences

\ SWEre found at any of the harvests. In contrast, in the c}over, the biomass curves differed

maskedly for the different treat_ments (fig 2.1a). This divergence was reﬂected in the fact

that thore were significant differences between the NQ'D ireatments in the last three

' harvest (p=10.026, 0.001 and0.001 respectively} aswell as significant differenr s between

the M*fcf-iréa&nenis in the final harvest (p=0.042). In all cases where signiicant

dltferences were detected the means for plants with symbwnjts were greater than the -

ty

- MYC-NOD treatment, conf;rmmg the beneficial nature, af these relammshlps No

significant combinational effects were shown at any of the harvests This may be relateu _

tc the fact that there were no apparent dxfferences between the. levels mf mfectxon of

either NOD or MYC as a result of the presence or absence of the other microbial

symbiotic partner (see sec’aoqs_Z.S.l.l and 2.3.2.6). lefe_rencgs may bave bee.n detected
with-more replicates or .a longer growth period, Whlle the (;urve for the -MYC-NOD
treatment rapidly reached a ceiling value at just over 1 gDM m gmund the other three
treatment cugves were all: more or less exponential in form, thh the +MYC+NOD
having tl_;_e hlghest fmal biomass .fol!owed by the »-M_‘(C+NOD and then the +MYC-

NOD.

2.3.2.2 LEAF BIOMASS
Leaf biomasses followed much the same trends as total biomasses in both clover and 1ye.

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

experimental period (fig.” 2.2b) while in the clover, the -MYC-NOD cur‘{e:I rapidly

a

k}



-/ .. ) .
| y | | T e
reached a ceiling whith was in cbnfrast'to the cther treatments cudves which had an

almost exponential form (fig. 2.2a). .

" | \ - ‘s - .. ‘-. o ':ﬁ'
Statistically, no significant factor or interaction differences were found in the ryegrass

at any of the harvests. In the clover, di'EEeHrenc&s were detected betweén the NOD

tr"eatments m the last two harvests this time (p=0.001 in harvest 5 and 0,011 in ha_rves:‘.
4 while the p value for the third narvest was significant at the 10% level (pm0.0'87_‘3. A

significant difference between the MYC -c'r;atments_ was detected in the "final harvesi

(p=0.036). Again, nq’ interaction differences were detected.

2.3.2.3 STEM BIOMASS

i7
o .
A
b

‘The stem biomass components fot both clover and ry also follow the same general
trend as deé’cribed for total biomasses (éfg 23aand b) Significant ditferences between
the NOD tréatments wers detected in the' last two harvests only (p=0.001 in both

harvesis 4 and 5) and betweeu the MYC tr eatments in the hq‘ﬁl harvest ( p—-O 036). Agam _

no mteractlon diffarences were detectable " _f

\ {

2.3.2.4 ROOT BIOMASS "- - D

As would be expected, root biomasses of both clover and rye also follow the same
yeneral trends as the above components (fig 2.4 a and b). The significant dii‘f’erencasﬁ

li
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tetween the NOD treatments detected in the last two harvests had p vaiues oﬁf,\()()l in

5 k)

tsmthe '

i I,f -
"final harvest had a2 p va.luc of 0 (]M No mtex actxon dlffcrences were detn,ctatqi'p
_ Lo
] ) R .
- |.} ‘ i,
I
Voo
BE
|

» harvest 5 and 0 009 in harvest 4 whzle the difference bewveen the MYC treatmsq

Y
y

2.3.2.5 SHOOT : ROOT RATIOS - Ly

|
=
s
~ Alihough many authors (Wllson 1988) have qugg“sted that shc:ot 1oot ratloJ”are fairly

I:

Tl
constal.t t or at least develoymentally constant, the results of this experlmmltal W ork

l a
suggﬁst ‘that the ratno wus in fact respons:ve to’ the treatments in the case oif lover (f‘ ig

2.5a). Cnce again the 'leferances were statxst\v;a.lly mgmf:canf in fhe case 01 the NOD
" treatments in the last two h‘lrvests f *ﬁﬂ-{J 001 in Harvest 5 and 15 =, 009 in ha Tvest 4). [n

4
the case of the MYC tre.atmentc howewer, no mgmfmant dnfEerences wex é. det&l ped. Whle

J
I

the shoot:root ratio of the ccmtrol treatment decreased continuously overllme growth
S _
period, the shoot root tauo of all the expenmental treatmants increased in {he lasttwo
L ‘] -
harvests. T]us can be taken as evidence in support of models whlch have s.u Eme sort of

[

responsive shootroot alloaatlou mechanism (eg Gleeson and T 111m an, 1992) {n },(the case

N
of rye, (fig 2.5b, there was a general decline in shoof: root ratlo over the wl'ﬁfe growth
| .
period. ' ’ _ e : _ '\E
- - l|!’
'.\,\“

™

2.3.2.6 NODULE BIOMASS

Coa
|
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by nodule-_forming bacteria was c_onfmed"';q- the +NOD treatments, conﬁrmiﬁg the
effectiveness of the autoclaving in preventing establishment of rhizobial infection inlirzlhe:;r
NOD treatments. It is clear from table 2.2 that tha_e.-'estab!ishnient of nodules occurs in
tandem with the ocowrence of significant component biomass differences between the
NOD treatments (je from harvest 3 onwards). There were no significant’ differences in

- nodule biomass between the +MYC and -M‘_IC treatments.

1bie 2.2, Nodule bivmasses in the +NOD experimental treatﬁmnts. Data_are means
of 3 replicates + SEM. .

-7 ' Treatment o
Hervest- +MYC . -MYC
1 0£0.000 . 00.000
2 040,000 - . 040,000
3 0.182740.077 - 040.000*%
4 0.2919:1‘0.049 | ) | : 0.?;24:6.4‘.0.078
5 0.378520 097 _ 0.2946&0.06b

* = Nodules were presen*. however, theit dry masses were too small to be tmeasurable.

2.3.3 NITROGEN CONTENTS
2.3.3.1 LEAF NITROGEN
In the case of clover (fig. 2.6 a) there were noticeable differences between fhie treatments.

Leaf nitrogen of the -MYC-NOL} ireatment decreased over the growth period. while in the

. other. ceatments the leaf nitrogen geﬁerally increased (at least after
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the establlshmentL nf symbioses). S;gmﬁcant differences befveen the "JOD treatmenzb
were detected in the fourth and fifth harvest: (p z=(). 012 and 0001 respectively), and
between the MY‘_, freatments in the last harvest (p=0. 04‘?) in the ryegrass on the other

hand, there were no dlfferenons between the trea: ,nent': and generaliy a decrease i m the

leaf nitrogen contents over the growth period {fig 2. 6 b}.

H

2332 STEM NITROGEN.

Stem nitrogen péttams in the clover were very similar to the leaf nitmgeu’ patterrlé

| T'here wis A very shght decrease in the stem mtmgen content in the -MYC-NOD
treatments over the growth period, while in the other Ueatmesii;a there was again a
general i increase (tig. 2.,’? a). & gmﬁc.int differences were, however, only found t]m”tween _
the NOD treatments (thh a p value of 0.017 in harvest 4 and a p value of 0 007 in
harvest 5), and not bef.‘ween the MYC treatments. For tye, the patterns (fig. 2.7 b) were
also much the same as in lea 'nitrogen, although the stem nitrogen contents were

noticeably lower than the leaf nitrogen contents.

2333 ROOT NITROGEN -

Again, root nitrogen patterns were similar to, leaf and stem nitrogen patierns in both
clover (fig. 2.8 a) and rye (fig. 2.8 b). There was again a :décline in the root nitrogen

~ content in the -MYC-NOD treatmants over the growth period, and an increase in the
_ 0

. o -.'.r.
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cori_tpnt in the other treatments. In this' case, s.ignificant ditferences were, detéctenﬂ _
o - "o ! f T i}
between both the NOD and the MYC treatumients in the last harvest (0=0.002 and 0.0 L}L '

respectively).

2.3.4 MEAN RELATIVE GROWTH RATES o o e

ot
]

| 5 . S

The mean relative growth rates (RGR) 'for the intervals between harvests were”
cal_culhted using the f‘ollowiﬁg equation (Huni, 1978):'“" W - )
ROR = In W, - In W, 5 Y ¢ )
211 '

L

where W, is the-bigmass at time t1, W, is the biomass at time 2.
A . 4

o
“
S

In the case[.. ‘ciavef.there were large differences in the trends of RGR between the
treatme_nté with %y{gbidnﬁ and the ~MY(;-_NOD treatment over the gmv;th period (fig

2.9 a}.lin fhe -M‘;C—N(;D. treatment, t};ere -was a é;enereltl" decline in RGR over the
growth period. In the other thm;;é'aménﬁ, there was an initial deéliue.folluwed by an -

increase corresponding to the establishment of syﬁlbioses (fig 2.9 _a).- In the ryegrass,
there was a general decline i the RGRs over the growth period in all treatmenss {fig

2.9 b).

In order to investigate the relationship between tissue nitrogen concentration and RGR,
i ;:| ! ) e I.j .
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the leaf hitrogen cohceutraﬁqns were plotted ggéinst their respeclive R@Rs"-in ﬁg 2.10a ahd i

b. Leaf nitrogeh cnnteﬁts were chosen because of itheir rolé;' in photosynthesis. This is ;

. obviously of'key importadce in growth, since about 90% of a plants dry matter results form

the products of photosyndhesis (Poorter, Remkes and Lambers, 1990). The RGR’s for the

first growth penod ‘were c»mitted becanse the Ieaf nitrogen status withiin ths time window

was uncertain and the eﬁ'e&rs of seed mtrogeu stores are likely 1 stave played a large role h

The sitaple lmear mgressmn mal was carried out on these dam yxelded r values of r=0. 857
-for the clovex and r-'=0 813; for the ryegrass. In both species, the fisted lines. had a pos;twe

- slope and negauve y-intercept Wue.

235 BIOMASS Vs Nrmoq"k CONTENTS

i

R

_' Previous siudies for a wide range of crops have shown that, under cbndmons with sufficient

|. W

mtmgen to permit maxmmn growth, the nitrogen content of crops decJaﬁd sharply with

increased bilomass (Greenwood et al., 199!) In order tp invesligate the relatlonshlp between :
biomass and nitrogen content in 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. i2 respectively). In the case of clovér, it can be clearly scen that :

the expected rems vship dou not hold. In the rye on the other hand there was 2 sharp

decline in nitrogen conterd with increased bmmass This

—r
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relationship in the ryeprass was further inwestipated by fitting thc'“';q:;ation' (after

Greenwood ef af., 1991): .
N=a* W | I " (@2

to the data (fig 2.12 a, b and ¢), where N i3 the mmponent mtrogen contem‘ W is the
componem blomass and a and b are constants, The values for these constants are pmsented

below, along with the vapu_bﬂ:ty_ that is accounted for by the regression (table 2.3).

-

Table_2.3. Estlmatss of the congtants 4 and b (equa_2.2) relatmg component ( OMP)
nm'ngeg conten; 10 bloggﬁ in Italian syegrass.

Ccomp a . b ;, . r’

et 64182 . 744E2 085
stem | 2.81E.2 ME-1 - 078
oot . S.01E2 27881 . 081

2.4 DISCUSSION

On the basis of previous work that was reviewed s thapter 1, there were a ir;;xmbet of
expectations (or hypotheses) for the experimen;al results presented above, And inevita}%;ly.
some of these expectations were sati;*'ﬁed whilé others pose anomalies. In terms of the
" symbiotic components; (the VA ,myco&hizas and the nodules), there \ibgre two noteworll'hy

findings. Firstly there was no infection of the ryegrass by VAM fungi.

T A ek -
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There are two likely rreasons for this: Fir'stly the fibrous root -éystem of the Italian
rjlegrass may capture nutrients with sufficient effectiveness- so as II‘P nullify any,

__ adv'antageous affects of VA infection. 1t is thu:: passibie that the costs of tlhe mycorrhiza
e;:cééd the benefits (Koide and Elliot, 1989) and so the host might be expected
C3~:‘_'51§ming it is- ablej 1o reject the infection. Sécom_ﬂy, Itnffﬂian ryegrass is an annual an;ici

n

' thi-‘i'e geeras 1o be some sort of correiationnbetween so-called "non-host" species and

anuual and biennial plant species {Franeis and Read,. \994) The implication of thlS non-

mycorrhlzal nature of the ryegrass was that there is 1o possibility that @ comnun

mycoarhlzai 'metwork linking the two plant species mvesngated could have emted For
this reason, the cbjectlves listed in 1 a had te be modlfled to some exfent.
‘The second interesting findin:g in 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 symbicut (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 v;_afia\tes‘

This finding is rather unexpected. Intuitively 1t would be expected that the improved

nitrogen status of the +NOD plants should result in an improved photosynthetic ability ’

and thus a greater c‘iﬁmntity of hphotosyntha‘tes which could become available to
myeorrhizal fungél symbionts. In addition, the nitrogen'fixing ability of nodules may be
limited by phosphorus supply, and yiver the role of mycorrhizas in improved ﬁosphorus

putrition, an interaction of sorts wonld be expacted. A possible reasou for this is the fact
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“that it was dﬁiy faitly Iate in the growth period that reasonable ievels of jnfection
(espemallv in the case of the mycorrhlzai fungi) occurred.” It is- therefore possible that.
_dxﬁerences did not have time to manifest themselves in a 1gn-1ficant way. This idea is
supported by the wsual differences in infection levels that are apparent .(tables 2.1 and
2.2): In’ the case of the mycorrhizas, the _méans of the infection levels in the +NOD “

o

treatments were consistantly (although not significantly) greater than those in the -NOD

"

treatments. THis was also the case in nodule biomass where mean biomas"sés were

n

consistently hxgher in the +MYL treatments than in the -MYC treatment. Ttis poss1b le

that these dlﬂerenws might H-. ;;}Jeen ltlesolved with a greater number of rephcates or

longer growth trial.

In terms of the piaﬁt variates measured, the most obvious expectation is that all the
biomasses shouid increase over the growth period unless.comp.etition is 50 great that
there is thinning. In the case of the clover (figs 2.1a to 24a), it can be seen that this is
generally the case. Thc only exception oceurs in the -MYC‘-NOD treatments, where,
towards the end of the growth period (paicularly harvests 4 and 5), the component
biomasses increase very slightly, as in the leaves {fig 22 a}y and roots (flg 4 &), or

decrease as in the case of the stem biomass (fig 2.3 a). This levelhna off af the growth |
curves in the -MYC-NOD traatment'is also reflected in the decline of relative growth

raie (fig 2.9 a).

This also hold for the ryegraés (figs 2.1b to 2.4b) and here there were n(i; differences
between any of the freatments. This is contrary to the generalisation that the addition

of mycorrhizal inoculum produces a positive effect upon the 'legume_campanent in grass-

M AR ———— o ——— i & e = e nh s b
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"

- legume mixtures at the expense of the ghass (Francis and Read, 1994'1). A possible reason
" for this is that the planting densities were low, o the competitive effects may also have

been low.

When conmdermg the Ieaf nitrogen contents in rehtmn to canopy RGR, the situation
in clover and 1ye are not very dnfferent t’t‘xg 210 aand b respectwely) In the beth cases,

 the relationship appearjs to be almost linear (in clover r=0.857 and in rye r=0.813} and
: boty lines extraplolate to zero growth at pésit.’--;'-;: nftrcgen contents (’ic; have a p;';siﬁve- X
inter;:épt) "cc:nfil;ning the observa'ticnrs of Levin, Mooney and Field (1989). Levin et ol
(1989) usPe this as a justification for ;‘eform-ﬁlating' the growth model of Agren and

- Igéistad (1587) wﬁic‘h-,was based on the equation &

d(laWydt=an | | N

SR er

where d(InW)/dt is.the_li.éR; aisa growth'constant; and n is the nitrogen content. The
implication of this equation i that growth does not stop at very low nitrogen contents,
desﬁ_ite the fact that at low nitrogén contents photosynt.ﬁasis may be zero. One apfaz_‘os_tch
10 eircurlnventing Ehis paradoxh is the approach proposed by Levin ef af (1989). Another
is;to define growth as a functfon of either carbon or nitrogensubstrate concentrations,
. depend ing on which is most limiting, In thIS way, if the photosynthetic rate becomes zero
due tonlow nitrogen content, the éarbop,_aubstrate content will decrease- rapidly and
growth will '\;)e limited. This latter appfbach is the approach used in the gr;awt}x ‘model

described in chapter 4 (equns 4.21}. |

1
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The apparenﬂy linear rrlauouship ;vetween RGR and leaf nitrogen contents also leads to the
predmtton that in the ryegrass and in the clcver -MYC—NOD tleatment, 1he mean R(;R.
should decn.ase over the growth penod and this is in fact observed to be the case: (ﬁg 2.9).
However, in the case of clover in the expenmental treatmems, 1he establxshment of
symbioses cleacly perturbs the systent, This pe:rturbauon leads to the breakd;‘” nf‘ the
| -expected relatlonshlp betWeen biomass and nitrogen cnnbent as seen in fig 2 11 i’here ape -
| noticeable increases m the nitrogen ‘contents and therefore RGRs correspoudmg 10 the onset
of infection (fig 2.9 a). The nubsewed linear relatioﬁship provides a reésfm v?hy clﬁx__rex‘l
responds so well to infection by symi;idnts.- Growth is clearlj:t;;limited by relaﬁvely poor
nutfient acquisitio'n rathér than photon:ntflzesis so that a large ca;bor; subst—t;ie po-of"should
develop wlnch can supply nifrogen acqumng symbioses. This is as would be predlcted
firstly the rlover routs have to compete W1th the very efficient (Francls and Read 1994) and
large (fig 2.4) ﬁbrous roots of the ryegrass; and secopdly the clover plants have higher

potential photﬁsynthctic: raies (Papadopoulos 1992).

i

It is also expected: that the vnitrogen contessts should decl_iné ovér ‘the gr_c_)wm period
I('Greenwoo& et al 1991). The reason being that as plants grow thej contain increasing
~ proportions of structural mate:ials that contain little nitogi_:n (Lemaife et al 19923. The
corollary to this is that with increasing biomass, r,iirogen content shom;l'decmase. From fig
2.12-it is clear that the corotlary holds fmrly well in the case of rye, however, in the case
.of clover (fig 2.11), the expected relatnonslnp does not hold The reason for this bemg that

i
the formation of symbioses perturbed the nitrogren acqmsmon process.
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Another generally obse“ved trend i in herbaceons p!dnts, is that there is an mr:rease in the-

shoot:root mtlc as the plants grc-\% (Wllson 1988). However. nnder subomnmum N-

putrition, root growth may be enhanced at the expense of shoot growth (Bclanger, Gastal

and Warembourg 1992; Smolders and Mercks 1992). ‘This is in line with the Sugpestion -

that plan't.s'mav be capab'le of eptimal foraging (G‘ieé'son 1993). The niechan‘is;n whereby
this is achleved inay simply be, that aﬂer nitrogen has been taken up, the roots retain
what pro;mrtmn ther need, before any is partitioned to the shoots. Thus under
. conditions of suboptunum N uptake, the roots still retain their nitfogen reqmrements,
leaving less mtrogen to be allocated ahove ground Because growth is related to nitrogen

r

corx’tent, this nnba]ance in the nitrogen contents m'mxfests itself in the forf‘n of reduced

il

above«gmund gmwth mlatwe to below-ground gmwth rmd thus a decrease 'in the
shaot root ratio. However, when the system is perturbed from suboptimal N uptake (eg
___by addmg a fextﬂlser ‘boost, or by the tormatmn of symbioses that facilitate mlproved
rg:atource acqmsltmn), it is expected that plants should respond with increasing shootiroot

- ratios. ¢

This situation aﬁpcam t(; be the case I‘in the }i'esulté‘ described ab-;we: fher;s is a general
decrease in shootiroot ratios over fhe gr"t:‘:mh period in rye (fig 2.5 b) as well as in the -
MYC-NOD treatment clover {fig 2.5 a). However, there is a statistically significant trend
towards increasing the shoot toﬂ root ratios a;ssociateci with the +NOD treatments. In the
case of the +MYC treatments thé trend is not statistically signi-ficrant, however, it is
- poticeable (fig. 2.5 a) “md it is possible that the significance of this trend could have been

established with a greater number of replicates, or a longer growth trial,



Plata 2. Photogroph of the four tresinients st havest” 5 shouiing ihe
destinet above ground diffarences botwesn raadryents In the white clover
plants, and no apparent differences batwaen the ltallan ryagrass.

To cancﬂlde, under 'theﬁgroiirtﬁ conditions dés'cribe; ébq’fve (2.2.3}, the.;ne\{formﬁnce cﬁ‘
white clover in the mixture was significantly enb anée& by both tiﬁa es’cablishn%ént of active
nodulles.' and a vesicular-arbuscular .myc(}rrhiza (plate 2). This was without anly nuticéable
dctll-imentai (or positive) effects on the Htalian ryegrass cemp.onent in the mixtore. This
result is difficult to asseés in lerms of real agricultural ap.piicabiliq_(,;';ybecause of the
obvious dangers associated with scaling up from pot data.to field é__c»,i';tta. However, iil is

likely that in clover / ryegrass mixwres.gfrown under nutrientrlﬁ’f:;ited conditions, the |
formation of plant microbial symbioses may result in either irﬁi)rc;_yed perfarfnance of

one or both of the components, or in 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 photusyﬂtlmais 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 Trom the producm 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 CO, acquisition (eg. from leaf to canepy photosynthesis) (Rastetter ef

al 1992). Models describing plant growth are frequently driven by such integrated canopy

photosynthetic submodels {eg Johnson and Thémléy 1983; Papadopoulos 1992).

In this chapter equations describing the canopy photfosynthesis of the component species of

equal ages in a binary ‘canopy are derived. As will be ﬁ!iscussed later, canopy photosynﬂlaéis
is intimately related to leaf area distribution within tﬁe canopy. It is for this reason that the
__ photosynthetic equations derived were combined with a canopy growth medel which allows
. the description of changes in the distributions of leaves as phomsyhthesis progresses, These
two components are incorporated into a computer program MICSIM (Appendix 1i) in order
to simulate the processes of growth and photosynthesxs. The variables, constants and
parameters used in this model are listed and defined in appendix 3. Although the system

in question is essentially contintious,
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. . , . . . {7
difference equations were used to describe the dynamics. This discrete mauelling
approuch is essentially the same as the Euler method for numerical integration and is
therefore prone to truncation errors. These errors are, however, offset by the si}nplicity

of the method {and thereforsz speed of prc;cessing).

3.2 THE GROWTH MODEL

Canopy architecture (and in '.vﬁiag-*.,ic:uiar- leaf a;‘ea distribution) is a cmgiallllffigto:r in
determining the light attenpaﬁoﬁ prope}ties through a canopy, particulariy in a; binasy
canopy (Rin;minl_gtou 1984). There are 2 large number of llpossible conﬁguratio;;s G(s'eel '
figure 2 in -'Rimmingtoﬁ ’1 984), however, for the purpose of this model it is assum ed that
there are only three: b;:)th speciés are equally high (fig 3.1 condition 3) of one of the

species overshadows the sther '(fig; 4.1 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 mixgd’ 'canlopy
photosynthesis, The light incident on the upper canopy is simply "I' while the light

incident on the lower canopy [I(iow)] is described by (Rimmington 1984):
I(low) = T*exp(a)*exp(b) %)

where a is ~-K1*LIUP 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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Fig 3.1. Posslble canopy oonﬁguratlons ofa mlxed stand
considerad In thls modeal.

”

in the upper canopy.
In order to describe changes in tln. \canopy architecture the photosynthehc equaiions
developed below must be combined with a dyn'xmxc growth model. The purpose of this
model was not to simulate any pafticular data set, nor to r_cproduce duantitatively what
occurs in a "typical’ mixed canopy, but rather to assess the functioning of the

photosynthetic eq_;iations developed below on a qualiiative Basis (ie were the trcads

biologically reasonable) For this TEASON the growth model vsed was a rather crude

model with a number of important assumptious. Firstly, it was ausxa;;;.:&that the activi txes
of the canopy were independent of any below ground processes. It was also assumed that
there weré¢ no changes in the light environment (either the intensity of light or the
photoprriod) over (he simulation period, and that the processes are independf.n’i: of

temperature fluctnations. Also the density of plants in the canopy was assumed fo be

IS
o
¥
" . "
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- constant (ie no thinning occurred) as was the allocation of photosynthate to leaves and

stems, !
Thirteen equations deseribe the growth of the canopies and the vatious components of

these canopies. Changes in biomass are deseribed by:
Wi({} = Wpin-lj *""(Pi"Mlx;wiu-l))*Y (iﬂluz) - - o (3~2)

Where W;‘;} is the bioinass of species { at ﬁﬁle t, Wm_,; is ine biomass m species i at t-1,
Pi is the photosynthetic inputs into the system over the time period 1, M is the
mqin tenance resPi:!fatl.liOn coefficientand Y is thé efficiency with \Tx}\hicll photosyn’tlmtels a..fg
éonvertegf}to b:icznlass. These latter two vaﬁables.lare assumed to be the same for b.uth
.sﬁeéies in fhi’s model. |

-

" Changes in stem masses are described as follows:

Sy = Sipny + PRI M W) *YESi (i=12) 33)

Where 5i(t) is the stem mass of speeies i at time f, and Si(t-1) is the stem mass at time

t-1, I'Si is the stem allocation coefficient for species 1.

R

Likewise, changes in the lsaf masses are described by: e

Lig = Ly + (PI-M*W,, J*Y*FLI (i=1,2) (3.4)

' .
. i\ .
4
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Where Li(y) is the !eat mass of specles iat tlrna t. and Lx(i-l) -$ the leaf mass at time

f

_ t-1 FLi is the leaf allocation coefficient for species L.

Stem : Leaf ratios (SLi i=1,2) can then be defiled:

. "' i ) -‘ o g
SLigy = Siggflagy (i=1.2) ' v (3.5)

i - - }
and the height of the two species’ canopies can be calenlated using allometric
- . relationships-between stem mass and height (Hi):
]

i

Hi = Bi*(SUN)T (i=172) (3.6)

L
o

Where Hi is the height of species i, B and Ci are aHomemc coefﬁcleuts and Ni is the
density of plants in the stand. Denmty of plants is incorporated here since the Si is the
stem mass for the entm canopy, while the allometric coefrmlents are applwable to
nidwldual plants. This approach is similar to that taken by Hara (1 984), axcept that here; '
heig,htl-ijsl related to stem mass rather than total biomass. The advantage of the approach
used here is that it is possible to fnc;;rporate an optintization step for allocation to leat
and stem biomass, based on waximising photosynthesis (éa;thaugh this is net atte.mpteg
 in this model). L " L | . |
Using the varlablas defined by these equattcnb it is possiblerto define the archltecture

of the can(:py As mentioned abcva three conﬂgumnons are considered (fx 3.1y



{0, 7 HIgH2
HIU == .
{ HI-H2, HI>H2

- N H2=H1 : o ,_
e B L IR (3.8)
| | H2-H1, H2:H1 ‘ -

(M1, HlsH2 | N
CHIL={ | | (3.9)
- 1HL - HI>H2 i | - N

[ H2,  H2gH1 I
" OH2L = T o (310
| Hi, -  H2»H1 ;
_ .
Where HiU is the beight of the upper canopy of Species [ H?.-U is the uﬁpef canopSr of
speties 2, HIL is the height of the lower canopy of species | and HZL is the height of _

the lower canopy of species 2. Upper and loWgr canopy leaf area indices can then be

: calc;ulated:.

| {0, . HizHZ o

LALU = 4 | S (3.11)
2| [(HIWBLY I PNT<SLI*SLAL  HIzHZ __
10, - H2sHI ST

LA = § - | Y RT3
| [(H2U/B2V2PNIFSL2*SLAZ,  H2sHI o

LAIL = [(HIL/B1)" [*N1SL1*SLA1 ' - IR E)

LAZL = [(H2L/B2)“2"N2*SL2*SLA2 N <20
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Whele LAIU and LAIL are the upper and lower canopy leaf area mdlces of species 1

'respemvely, LAZU and LA2L ares the upper and lower canany leaf area md:ces of

species 2. SLAI (i=1, ?) is the spemﬁc leaf area of spemes .

3.3 PHOTOSYNTHETIC EQUATIONS

In addition to canopy amh:tscmfe wns:deration.s, a mumber of nther factc)rs need tu ’ne

- - considered when sc'ﬂmc, up from photosynthems of individual leaves thmugh ‘Taay

.
leaved ele_ments to collections of leaf elements makmg up an mtire_l&.anopy. “The

architecture of the canop_gy' in terms of mean leat ing.lination; a;iglé and the hm'izontlél
layers of leaves rrequire & niore complex déscl'ip;iﬂll of canopy photo'synthesis than that
gwen by the product of photosymhetm rate per unit Jeat ared., the speuﬁc leaf area, the
leaf akbcatmn coefficient and the blomass of the canopy. T’he age structure of leaves on
lndmdua]\ plants csr_:\m the canopy of a collection of plants also needs to be taken into

account when fixing a value for canopy phqtosy:iihesis.

a

Photosynthesis for individual leaves (P1) in response 1o irradiance can be conveniently

described by a rectangular hyperbola given by the expression {Tohnson and Thornley

1983):
Pl = AM*A*I/(AM + A™) | " T 34

whete, AM s the light saturated rate of phdtosynth esis; A is the quantum yield efficiency
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and 1 is the irradiance projected onto a horizontal surface.

From this point on the mixed canoipy is assumed to be made up of two mdepcndent

canopies: an upper and-a lower canopy linked only by the fact that a(lt}W) is dependent

on the properties "of the uppem canopy (equation 3.1). Equations for ca_nopyJ

photosynthetic rates for the upper and lower canopy components of the two species can

b3

then be determined by substituting I inio equation 3.15 and integrating throughout the -

At

canopy as follows:

Frons equn 3.1 above it is evident that the light absorbed by the upper canopy of species

{ (Tlup) is:
Iiup = exp (-KI*LIUP) = u " | (316

then by manipulstion of this equation:

dLIUP = dofKi%u (3.17)
$o that
PIUP = [ AI*IAMI . du | (3.18)

J, A"l + AML -Ki*u

Where PIUP is the instantaneous canopy photosynthesis of the apper canopy compof{ent.

“of species 1,
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" Substituting Ttup = Io exp (-KI*L1UP) into equation (3.18);

Plup = [* Al*I*sfp(a)"AM] . du - (3.19)
J1 Al*I*exp(a) + AMI -K1*u _

= [ AlYI*AMI . du " (320
Ji Al*I*exp(a) + AM K1 : :

Let Al*lo = = and AM1 == y then

Plup = " g'y . du _. _ " (3.21)
) xtu + y K1
=1 f'_x'y. .du ; _. (3.5,2)

KiJ,x*n +y

ey . du o . (323
J ’{*u + y v : r'; .‘-.,. :
=y nxry | (3.24)

Kl ~ x*u +y
Substituting for x, y and w:

Plup = AMI In AI* + AM] - | (3.25)
KI ALl exp (um*uw)\\q- AM1

e

1 species 2 were higher than species | then LIUP would.be zero and 50 to would Flup.
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):

Plup L oAM2 W AL+ AMD (3.26)
K2 A2 exp (-K2*L3UP) + AM2




For the lower canopy photosynthesis for the two species
I, the incident light flux density at a certain height in the canopy is given by

(Rimmington 1984):
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[ = Ho*exp(-KI*LILOWK2*LILOY (3.27)
or
I = Ho%exp(-K1*L1LOY*exp(-K2*L2LO) “ ; (3.28)

Letc = -K1*LILO
d = K2*L2LO

And let exp(c) = u
Then by substituting for ¢
dL1LO = duf-Kl*u : " {(3.29)

As for the upper canopy, P2low (the instantaneous ¢anopy photosynthesis of the lower

| .
canopy conponent of species 1) can be determined by substituting I into equation 315

and integrating throughout the canopy as follows:

Plio = [* Al*lio*exp(d)*w*AMI _ . _du | (3.30)
Ji Al*lo*exp(d)*u + AM1 -K1*u “




| g
Let Al*Io*exp(d) = x and AMI = y then

" Pllo = [* _x* . du_ | 5 - a3p
Jix*'u +y Kl :
1_ f' cdu | - " (332
sy F 1 du _, | : (3.33)
K1 }, x*a + .
= y In 5ty | (3.34)
K1 x*u +y '

Subsﬁtufing for x, y and u:

Pllo = AMI * In _Al**exp(a+b)*exp(d) + AMI] | ' (3.35)

K1 Al*T*exp(a-+b)*exp(c+d) + AMT
‘E : | | g
Similarly, for species 2: .
P2o = AM2 * In _A2*I*exp(a+b)*exp(c) + AM2 " (3.36)

K2 A2*{exp(a+b)*exp(c+d) + AM2

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 1is constant

throughout the day (Johnson and Thornley 1983):

PIUP = DAY*AMI In ___AI*UDAY + AMI (3.37)
K2 AIPUDAY exp(-KI*LIUP) + AMI '
P2UP = DAY*AM2 In ___ AZ*UDAY + AM2 - (338

K2 - A2*YDAY exp(-K2*L2UP) + AM2



 PILO = DAY*AMI1 In __ AI*UDAY*expa+biexo(d) + AML (3.39)

K1 AT'UDAY*exp(a+b)exp(c+d) + AMI
CP2LO = DAY*AM2 In AZ"’{/DAY‘*‘gm{‘;-}-bVemfc) + A,M_;_J | _- o (3.40)
: FZ AZ*I/DAY*‘&:Fp(a—}-b)"‘exp(lc-kd). + AM2- - :
'Fherafere_:
lePlUP-t«PiLE) ) | _ __ [3_41)-
P2--—-‘P£UP+P2LDI _' | | S <X

3.4 SIMULATIONS

The model was written in FORTRAN (Bttér, 1993) (see appendix 1j) and run on 2
386dx personal compyter. Values for the photosynthetic paranﬁeters for simulations were
takenl from a previous stuld;_r of the growth of planis in a mixed canopy of Italian rye
grass. and white clover (P&ﬁado;:oulos '1992j. Species | re:presé,nts the rye grass, apd
species 2, the white {*lover The simulation u:as run at two ditferent light intﬂensities (i,
normgl light and 1/2 nonﬁaf light) to investigate the raspc?zzse of the canopy to ditferent

light regimes, Simulation results for these two scenarios are presénted in figures 3.2 and

v

3.3

3.5 DISCUSSION

The primary objective of this model was not to shnuolate growth of the plants in the
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pamcular binary canopy investigated in chapter 2 but rathey to deveiop a descnptlon of
phomayn‘thems na mixed canapy which could be used n & more conprehensxve growth

medel. In addltmn. the criterion for accepting the- model was not that it simulate

I3

intricacies of gmwth in the real system but rather, the model was accepted on the baszs -

that the simulations were intuitively reasonable For this reason the output varmblec |
presented were not ne.cessarﬂy parameters that were measured expemmntally or
descnbed in the prevlous chapter but were chosen t6 allow intuitive assessmenit of the

aeacrlptmn. Despite thxs the values for parametern used in the vmmlatmns dld come

e

from expe"imental daga and itis thus expectad that broad treuds. and in partmn tar trends

a N

assocmted with dtﬂerent light reglmes, should be simufated. B

| As Izls exl.,ected the higher of the two. specn&s (species 1 in tius case) came to dommatd
. the canopy in terms 8f photosynthesis and bloq \; (fxg 3.2 a and b). rn té“tns of the
model, he:ght and growth are mttmately lmkeclrthé ‘Spemes that is hxgher will dominate .
phf-‘ asynthasm A8 a resuit 0f shadmg This is equxvalent m a form of "mterfelence"
o0, npetltlon (Begon, Harper and Townsend 1986). The net result of thls is that Spat-}les |
1 accumulates biomass more rapidly. ln fact, towards the end c}f the suhulatmn growth

i

period, the biomass of spec;ta 2 began to decline, suggesnng that senescence of plants

or tlssue was occurrmg due fo the mt&r.,pemf' Ic Lompetttlon As was nc:ted ahove (3 4),

species 1 was defined by paramete.rs derived from rye g:rass, and species 2 from clover

L

and so th# general experlnental trond of the gras» being dcmnqant in the c-mopy (see

E

chapter 2} is reproduced by the model. :!
- . ' - ) . il| ..r ) , } T

1 o
o o - AR
It has been also observed that when clover and rye are grown together thder shaded

*



conditions, thit theé grass- may no longer be “as dowminant (Gray 1993 personal

b | A . . . ‘
communication), Fromithe simulation of growth st lower light (fig 3.3), it.wan be seen

that this obse vatior is-duplicated by the model at least qualitarﬁvely). This is more

apparent when the giassilegume biomass ratios are compared for the two light intensities

T,

(fig 3.4). This is further evidefice for the validity of the deseription. It can thus be seen’

that the simulations are iixtulitivle.ly'reascnable, that the 'braé;sﬁ trends are in line _;vigh

general experimengal obs¢rvations, and that the model cauﬁp} responds to changes in
7 ! . ! .

the light regime in a quantitutively similar. fashion to observed ts;néenciééa, 1tis thus

reasonable to assume tliaﬁ the model is suitable {or incqlrporation into an integrated

" inodal. - j

0

1
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CHAPTER 4 INTEGRATED PLANT ::__[?!ROWTH ..'.MGD.EL}'-__
4.1 m'rnof?ucrmw

- The plant growth IiJmndei presented in the previous‘;l_ ghaif?pter represents the most simple
form of plant growth model, where growth of all 'plamij' parts is set as dependent on a
carbon substrate as supplied by photosynthesm Bahlc o thIS appmach is the assumption
that there is no decoupling of growth rate frg phetosynthetlc rate. From a purely
‘theoretical point of view, such an approach has the dlsa_dvantage that the activities of all
organs are dependent on the activity of one and this c‘a% lead ta an,__exaggeratioil of the
dominance of that organ in predictions of whole plant responses to the environment

(Raper et ol 1977).¢

In additjnﬁ, although at first glance the si’ml'l'llations jmay resenlble the actual data, closer

inspection reveals that there are a number of noticeable differences - Firstly, thex;e is a

very lvarge magnitude discrepancy between the final model plant bionasses and the real

biomasses. It iz passible that the magnitude gap could have been 11a1rowed (e;ther by

incorpotaiing a destription of senescence or by cahbranqm ot the mput variables).
i

However, no amount of calibration would allow the rea&onahle simulation ﬁf the

t,xperlmbntally observed trends deseribed io chapter 2 2,

Therefore, in this chapter, 2 more comprehensive growth model is described, in which
growth is a function of both below ground and above ground processes. The basic

steucture of the model system is shown in fig 1.L. Unlike the. Thornley (1991} forest



) . i . )

{ -

l']. |.

l I '
_ growth model, no distivetion is made between meristematic and non-picfistematic tissue.,

However, a distinction is drawn between substrate and structure, thereby allowing the

decoupling of growth from rezource acquisition. Each of the various hiotic cumpartm_e'.:nts"

(i.e. roots, stems, leaves, nddules and mycorrhizal fungi) comprise two substrate pools

L K]

up the sotal dry smatter (DMI) of the component i (equn 4.1)

P

DMi= Wi+ CiNi " (4.1)

where Wi is the .iructaral fractiop (g structure.m’ground) of component i: Ci is the

carbon substrate (gC substrate.n”ground) in component ¥ amd Ni is 'thewnitrogen"

substraté (gN substrate:mground) in component i. The substrate concentrations (CCi

and CNi) in compondnt i are then calculated as follows:

CCi=CiYWi o | ' (4.2.) |

and

CN'imNi[Wi"-; ) o ._ - . (4.‘3).:_
" For outpxi!f purposes the tbn_tﬁ_} niti"og:m éc:;menfr\atimhl m -i&lon’ipo'n.ens; (ND@}\:& al‘:sﬁ

caleu lagadf ” g | | | |

N‘DiﬂiWi*QHNi)/bl\ﬁ - | )

4T o al R

{carbon and nitrogen), and g structare fraction. The sum of thesa three fractions makess
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where Qi is the nitrogen content of strocture (gN.g structure™). This allows the direct
comparison of the outputs with experimentilly determined nitrogen contents,

The dynamics of the system are described by applying the algorithm summarised in fig 4.1
to each 'cotnparénent. The alporithm iterated once per day. Because the status of each of
the three pools in eack compartment are updated thece 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 was
-only mrée mionths which is about one season, Hoﬁfever, if the simulation perio& u:rere tobe "

h extended, then it wnuld be necessary to incorporate a function (eg. a sine ﬁmcnon as used

in Papadoponlos [1992]) descnbm;, seasonal changes in this parameter. The satie wumd

also apply to m_ean instantaneous light flux densxty above the canopy (I). In addition,

temperaige” is assumed not éd-.play any role in the rate at which ';rariﬁus processes take
placo. This can again be fusified by the fact that the sirnulation period falls within one
. Sgason. E‘ctendmg the applicability of the model is agam a relanvely umple exercise which
can be achieved by including iuncmns deseribing how certain rates may change Wlﬂ‘l

il

temparamre as descnbed by a sme funstion,

42 RESOURCE ACQUISITION.

Phutesyitthésis « The photosynthesis submodel used in this plant growth:,:model is Most -.

identical to the model developed in the préviols chapter. The only modification is that

.

Q‘

B
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the two variables: quantum yield efficiency (Al and A2) and the light saturated

photosynthetic rate (AM1 and AM2) are not held canstant; but rather vary with leaf
titrogen content (MDLI, i=1,2). It is assumed that the reiatioﬁship is linear (as in Hiros¢ .

and Werger 1981.1) (equns 4.5 and 4.6); - T
AMi==ci*NDLi-di '- 4 - (4.5)

Voo : :
Aimei“'NDX},Lfi : ; o T )
where ci_l‘an'd ei are the slopes of the lines in species i, and di and fi are the y-intercepts.
It is possible that this assunption may be 4 bit restrictive,in terms of model 't‘ieﬁtibiiity.

However, it can be justified on the basis of the growtlt conditions of the experimental
u r: I

plants. Were the model to be applied to a situation, where nitrogen was available in

abundance, then a rectangalar hyperbolic type of function may be more appropriate.

. '\"a ?
a2

Nitrogen uptake - To summarise section 14.1, there are a number of important factors
to co‘nsider when attempting to mode] mineral acquisition: Firstly, it is necessary o
mcnrpmate some mdax of 1ol size - (often lemgth)s and its g,rowth over time; secondly.

ki r -~

nutrient uptake inito the roms ag # function of the nutrlent c&ncentrmon in the soil
i

so!umon of the rhlzosphere and root aa,tmty must be consider ed and lastly, nutrient

transport from the bulk soil solution into the rhizosphere is an xmportaqt feature.
: In order t. account for zones of depletion and the importance' of diffusion geometry, it

"i}:is assuméd that the soil & 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 thizosphere
or depletion zone of soil which is within the sphere of influence of the absorbing surfaces

of the roots and niycorrhizal fungal hyphae.

Flux of nitrogen between the bulk soil and the thizasphere (gN.day!) (URH) is defined

by the following equation:

URH = K3*(CNS-CNRH)RES1 " | (4.7)
Where CMS is the concentration of nitrogen in the soil (gN:m® soil): CNRH is the
concentration of nitrogen in the rhizosphere (gN.m'3 soil); RES1 is the resistance ko flux
(day); K3 (xh’)is a sealing function (Thornley 1991):

K3=VS*VRH/(VS+VRH) (4.8)

‘Where VS is the volunie of svil (m®) (equn 4.1 1e); VRH_\ is the rhizosphere volume (m)

(equn £.11d). CE o

" The first step in developing a descﬁptibﬁ of nui"'rient uptake from this soil system is to

| deﬁne the geomeﬁ rical prnpeltl(tb of below «ground compartments {roots, mycorr hizal
' fungal hyphae, rhpasphere dnd bulk soil). From tHe root and mycorrhizal blomasses tbe
lengths (m nt* ground) of the roots of the two planf. apecnes, and of the fungal hyphae can

be described as follows: - F a‘

1
y



where R1,R2, and MYC are the structaral hiornasses (gDm.m?ground) of the roots of -

the. two species and the myccjrrhlzal fungal hyphae respectwely. RR1, RR2 and RM are

the. mean radu {m) of the roots of species 1, 2 and of the hyphae of the mycorrhizal

' fungl reSpectwely; PR1, PR2 and PM are the densities {(2C.m?) of the root tissue of

species 1 and Z and of the fungal tissue.

Surface areas (m-) of the roots of the grass. (SAI) and the legume (SAZ) and of tha

mycorrhlz-al fungal hyphae (SAM)}) can also be calullated

SAL()=2*r*RRILRI() o | (4.10a)
_jht '

SA2(t)=2"m*RR2*LR2(1) - L (4.]0b)

SAM(h=2%RM*LM() S S L A0

Finally the volumes (m’) of all the below ground compartinénig can be 'calcu__l_%xted:d_

 VRI(t)=RI1{t)PR] : e (4.11a)

I

o

A - 7 - - 1)’1?'
LRI()=RI((r* RRIZPRT) - T o)
- LR2(1)=R2(L)/(r*RR2*PR2) | 5 o (4.95)
LM(t)= MY CEHr* RME PIVL) S (4.9¢)

L

3
t
%

LY
Y
A
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VR2(t)=R2PR2 S R St

| . k ! . :
| VM(1)=MYC{1)/PM \ ,. o (4.110)
o o ' . - : ’ Ry
il

VRH(t)= (w*(RRHDP*LRI{t) VR1(t))+(w*(Rm+D)**LRz(t) o
'\fR"(t))+(7r”'(RM+D)‘“LM(t) VM(t)) (4.11d),

VB(H)=T-(VRH(t)+ VR1(£)+ VF "(5) + VM(D) , (4.11¢)
where VRI (i=12) is thé'volumgs of the. rooty of species i; VM is the volure of the
fungal hyphae; VRH is the rhizosphere volunte; VS is the soil volume; I is the mean
thickness of the devletion zone (m); andT is the total volume of the below ground

- systeim (assumed to'be 1m® for this mcdel).

U_ptake EgN.m‘zérou;&:dayf‘) by ‘tlhle roots ;)f the grass and the legume species (U1 and
U2 respectively) and by the mycorrhizal fungai hyphae (UMl can then be described by
the following equations which aré similar to those developed by Brugge (1985). They are
based on Michaelis-Menten Hynamics and allow for the uptake rates to bev limited by
elther low carbou Substrate fevels (CCRl and ("CM), or high nitrogen substrate levels

-(CN’R1 and C‘\IM)

Ule YMAXISCNRH * SAI*__CCRL _ * i ' (4i2a)
(KM1+CNRH) © KM4+CCR1  1+CNRIINL
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U2= VMsz*CNRH “SA2*__CCRZ . * 1 C @I
(KM2+CNRH) KM5+CCR2 14+ CNR2/IND

UM= VMAX3*CNRH * SAM ¥ __CCM__  * i (4.12¢)
(KM3+CNRH) . EMB+CCM 1+ CNM/ANM

a5

.wher'e VMAXI (i=1-3) is maximal uptake at saturating levels of CNRH. {gN.m">root
surface.day); KMi (1*- 1-3) = CNRH where V=1/2ZVMAX (V is the rate of uu:‘take) SAx
- (1= 1,2,M) is the dbsarbmg surface area of the roots of either of the two plant specles
or of the mycorrhizal fungai hyphae (m*absorbing surfnce.zﬁ‘zgrou nd); KMi (i=4-8) is the
concentration of carbon substrate in the rcmts of species i or in the fungal hyphae at
which uptake is half the maxunum rate; and JNi (i=12 or M) is m!;rogen uptake '

‘inhibition constant for i7

ﬂé only source of nitroge:n in thel sys;tem other'ﬂulan the bulk soil is uitrogeﬁ fixed by
the nodules ass-ociated .with the legume, Fixation (FIX, gN.m *grou nd.,dajr 1Y is deseribed
as the product of nodule bipmaés_.:"l (DMN, gDM.m‘zground) and the specific nitrogen
fixation rate (SNFR, gN.éIﬁM“.day‘l) (equh 4.13). This is based on 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 pﬁysical factors-in the nodules (Vance and Heichel |

~ 1991) (see section 1.5.2).

FIX=DMN*SNFR | (%))
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In terms of the algérithm shléfvn in fig 4.1, the status of ﬁll_ of the pools ihat are directly

affected by acquisition processes of photosynthesis, nitrogen uptake and nitrogen fixation

" are updated as follows:

| A
Carbon substrate levels - _
CL1,=CL1y,+PT j - | (4.14a) -
CR1,,=CRL,, RU1*U1 - : | (4.14b)
CL2y= CL2 0y +P2 B .. (414c)
CRZ,,=CR2, - RUZ*U2 s (4, 14d)
CMy=CM.,-RUM*UM (4.14¢)
’Ah | \ . (B
CNy=CN 4y (CFIX*FIX) (414

where t represents the present status énd t-1 represents the status after the preceding
updaie; CL1 is the amount of carbﬁn sulistmte in the leaves or the gra_sé (gC.m‘zgmun&);
CRI is the amount of carbon substrte in the roots of the grass {gé.m‘zgmund); RUI
is the utilization of carbon substrate for uptake in grass roots- {i!;C.gN“)-, CL2 is the
amount of carbon substrate in the leaves of the le@ume (gC.m‘*ground}; CR2 is the

amount of carbon substrate in the roots of the legunme (gC.m“ground); RU2 is the

\



-
- ,—;—j—"”"—?&: ’

‘ | NNV
~ stilization of carbon substrate for uptaké in legume roots, \gC gN Y CM is the amnuntl
i y

of carbon substrate in the myconhlml fungal hyphae (g Cm_ grc.und); RUM is the

% .- -

_.,uu&matmn of carbon substrate for uptake in mycorrhizal hyphae (gC.gN'*‘)_;_CN is the
amount of carbon substrate ia the nodules (gCoo?ground); CFIX is the utilization of

carbon substrate for nitr'ogen fixation in the nodules (gC.gN"). _.

Nitrogen substrate levels ~ _
e

I

1 -

NR1y,=NR1yy+Ul : Y. (a. 156.) )
NR2,,=NR2,,;,+U2. ’ - L7 (415b)
NM(t}x NM(t;1)+iJM o . o : (4.150j

' - tﬁ
NN, =NN,;,+FIX I o - (@15)
NRH,,=NRH,,,*URH-UM-U1-U2 | (d.15¢)
NS = NS 1y F-URH . (4156

where NR1 is the amount of nitrogen substrate in the roots of the grass (gN.m*ground);
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

in the nodules; NRH is the amount of nitrogen in the rhizosphere; NS amount of



A r'}_jl ! . . - f_' 1 I

nitrogen in the sml and F is the mte O,Jtertihzer apphcatmn (N’ grmmd day 1y, It'shoutd

.....

be nuted fhat no dxstmclmn was drawn ‘between nitrate and annnommn m the soil or.

rhxzosphe{r\, ' & s L,
| _ T

s

Where necessary, concentations of carbon and nittogen can then be calcutated usiftg equos.

. 4.2 a_md 4.3,

. A
.T:-'-\|l
i Wt
4.3 SUBSTRATE FLUXES,. , ... .o b
- n:‘rn . o " " \.L
oo P - '
\.“ - :"‘|=" -

Fluxes of all :.ubstrates betweeri compar*'* s m ché :nodel plants are degc:,nbed in much.

the same way as fluxes betiveen the buik soﬂ and the’ rfuzosphere (equn 4. 7) In the case

of carbon - , ’ o _ . .

Fij - KiMcoRcony - e L

. e e . AP r {; e | x
RSCij -

.
where Fg is the ﬂux et sarbon from compartment j to compartment d {gC.m" gmund.day ');
CCj is the concentration of carbon in compartment i CCi is the con;:emmticm of caﬂdon in
compartment i RSCij is the résistance to flux of carbon. "ddy~t1me taken for 1; of carbon-' |

to move batween compartment j ‘o compartment i); and K_u is a scahng function (equn _

4.17)

Kij=Wi*Wj/ Wit Wi o | | @an
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[

of compartinent §.

.o

For nitrogen the approach is the same:

FMNij = KI5 Nl C"«m

RSMJ ”

1
i
L
QP

é

PEARE L £ PR R Y SR S

N et o
R TIE = L S

-

Sk .,“-9_"1. --_.—' Pﬁ_ l'._ b —__,a."‘ N va&xﬁ r n:gl"':_l;::.
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‘Where Wi is the structural biomass of compartment i and Wi is the siructural biomass

'(4.18)

|

"where FNij is the I]u&c of mtmgen from compartment j to ccmpartment i (gN 0’

*sround.day’); C‘N 13 the concentration of ritr ogen fn ji CNi s the concentratnon of

Again the status olnf all the pools ate theu updated in aceordatice with the algorithm

@gan -
n E.|
}

Iy
i

Carbon status - |~

CL‘[fl]w CL]‘(I-'!J“FL] . t.’.

W

81,y =CS8 14y +FLIFSI

CR1y=CR1yy+F51

B}

"

i

W

nitrogen in i Rqu is l;he. resistance to flux of mtroge.n (day): gnd Kij is as above equn

"

Ca

(4.19)

m

(4.19b)

© (4,19%)

E‘ll '
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CL2yye= CL2 FLE . (4.19d) v F
" - A | . -

CR2y=CR2+FSZFNFM . L (419h)

. . - A b P . .
Where C81, CS2 ; FLi is the flux of varbon from the leaves of species i to the stems |
‘of species 1; FSi is the flux of carbon from the stems of species i to the roots of species

it BN and FM are the flukes from the roots of the 168;1__*\1“3 to the noduies and fungal

hyphae% respectively,

Nitrégen status » . v
, : I q .

S 14y=NS1,+ FNS1-ENLL o S O 200)

NR1y=NR, - FNSI H . T : {4.20¢)

i .
- NL2y=NL2yy +FNL2 T S ¢

NS2,=NSZ,, +ENSZENLZ : S (n.0e)
NR2,=NR2,FNN+FNMFNS. L 208 -



o B

" ; . ’; .:_ ".. B . ) . | . . I " I l 0
NNy =NNgyFNN - ° .. - . : (+.20g)
 NM=MMe, FNM N (4,200)

-

-

where NSi ie the antount of ni-troge':i. substrate in the stems of species i (i=1,2); NLi is

- the am*zum of substmte mtrotfen in the leaves of s;apc:et: iy FNLi is-the flux of substrate

]

mtmgm f1 om the stems to the leaves cf species i FNS: is ihe flux of substrate mtmgen

srom the roots 1o thr’: stetbs in species ) FNN and FNM are the fluxes of nitrogen from

the nodules and VAM fungal hyphée respectively to the roots of the legume.

JAs with the previous statys update, the substrate concentrations cap then be caloulated

nsing équations 4.2 and 4.3. | . L

4. GROWTH, RESPIRATION AND SENESCENCE

Lt + !
ST k {
i i .
. - . i !

Growth of th’te_ various compartments in fig L1 4G, in g structure.day?) is set as the

mmunum (MIN) of two functions: one bused on carbon substrate concentration and the
other baSed on nitrogen subsi-.rate concentration:
[ W*CC*WI :
Gi=MIN | ‘ (4.21)
' { HECNi*(Ji/Qiy* Wi '
Where Ii is a growth pammeler (g structure .gC") asscmaled with the compartment i

(1——L1 81, Rl L2, 82, R2, NOD, MYC); Ji is the carbon content of structural material
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in compartment i (gC.g st;uchire“); Qi is the_nitrogén content of structural material in
ccsmparﬁt}anti {gM.g structure’). Both Qi and Ji are as;umﬁd .tu be constants. In this
way, growth is limited by wh!ic.liealver substrate is most limiting. When the t@o fa.z.nctions
{growth as a function of carbon and a3 a functiﬁn of nitrogen substrate concentration)
are equal, the plants f‘ulﬁl the eriteria for bulanced exponential growth, and can be said
to be "optimally foraging". It is an important féhture of the growth submodel, howwér.,

“that balanced exponential growth is not assumed,

- I
e
n

The utilization of substrates in growth is described by the following equaﬁcns:

Carboa (gC.day?) -

UCLi=J*GLiYi | Ivo o (4.22a)

UCSi=Ji*GSifYi ; ! (422b)
5‘
. L [
'UCRi=Ji*GRYi ;' (4.22¢)
I . ‘:_ Il, f .
i '
UCN=JI"GN/YN : L " (4.22d)
UCM=Ji*GM/YM o L a2e)

[
1

where UCLI, UCSi, UCRi, UCN and UCM are the"utilis;ltion of carbon éitbstl'a}es in
growth by the various compattments; Yi, YN aﬁq YM are growth re&;pii’atoryl,cd‘e_fficwnts.

4
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& I ]Il!, .
" Nitrogén (gN.day) « I e "
*, UNLi=Qi*GLi *© " {4.23a)
UNSi=Qi*GSi S ] X N (4.25b)
UNRi=Qi*GRi -« I : ¢4,.23c)
. " o "’ ‘ . n ’ o
o r}‘1\5::;
UNN=Q*GN o | " C (4.23d)
A o ) %,
UNM=Qi*GM _— j (4.23¢)

1.

where UNLi, UNSi, UNRi, UNN and UNM - = the utilisation of uitrogen substrates in
g;OWtb of the va*lfious comp“artments. P»'Iaig‘rié.. :iqfé rqspirato}y costs are!also caleviated
at this stage in the mvo;iel. These are simply taken to be the product «_;fi.\a maint{. .1'§ilce
respiratory coefficient (Mj j=1, 2 MYC, and NOD) and thhe sn'uct;n’a] mass of the

i

component:
| MieMj o L (4,24)

where { refers to the relevant compartment (L1, §1, R1, L2, 82, R2, MYC,_‘ISOD).
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“Following this seties of calctlations, the status of the various pools are updated’ as
follows {i=1,2): L ‘ ]
Carb'm subsirate -
o - . ) o
H i : - . B "
CLigg,=CLiqy UCLE-MLI (4.259)
CBip,y=Cak, ;- UCE-MS] S S L (dash
. ‘! II " .I ' L : - N “;. R
CRig=CRiy - UCRI-MRE - : {4.25¢)
CM;;=CM,;,-UCM-MM (4,25d)
CN{I)WCN“‘IJ‘{JCN“MN . _ . ] . (4.256)
Nitrogen subsirate « - o .

- . ) ; _

B -
NLiyy=NLio-UCNi S < . (426a)
NSiy=NSigy) UNSI S T )
NRiy,=NRi,-UNRi | . (4260 |

il
NM,=NM,-UNM e _ | (d.26d)
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NNQ)‘-‘“‘NN(&LK;UE\IN ' \\\ I - ' . _ (4.369)
Shucttirzil biomass -
Ligy= Ly, + GLI-(SNLILI) | - (4.272)
Sig=Si,,FOSENSIS) o (427
Rigy= Riy,,y + GRI-(SNRPRY) L - (4.27c)
1y == 1y LaiN- N .I ' - . a)
NOD,,=NOD,,;+GN-(SNN*NOD) | 4.274)
R .

|

| l.-where SNLL SNSi, SNRi, SNN and SNM are senescence rates. Finally the substrate

"~ concentrations are updated in accordance with equations 4.2 and 4.3.

4.5 SIMULATIONS * | a '1;#.

The above equations were combined into a computer programs written in FORTRAN
{see appendix 1 for sowrce file). As was the case in the previous chapter, simulations
were run for a period of 85 model time days ou a 386 PC. All parameter and starting

values used in the simulations are as listed in the source file. The simulation results are
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opr esanted in the same form as the results irom the growth trial (chapter ‘?) Fn‘st the

1\ ”

biomasses are present&d {tig 4 2 to 4 3Y; then the shoot o root ratios are presented (fig

4,6). These are followed by the nitrogen contents (flg 4.7 to 4.9) aud finally the relative

growth rates ore presented (fig 4.10). Inset into Jach of the simulation graphs is the

appropriate graph.from e.xpérimental data (chaptqr-.zj. "This allows for direct comparison

B

of the simulations and the experimental results,

e

4.6 DISCUSSION

ol

- It is apparent from comparison of the simulation resuits with experimental results that

]

the model has mixed success in si:ﬁ‘uiatingn the real growth system. In the case of the
clover without any symbionts, the model describes all aspects of g’r-owthi ‘pitrogen
acquisition and allocation well (figs 4.2 to 4.10 a). In the simulations where nodules were

indluded, the trends in biomass accumulation (figs 4.2 to 4.5 a) were similar to those

cbserved expérinientally, however, the impact in the model plants was not as great as

was observed expenmentally "This is despite very similar trends in the nitr ogen levels

(flgs 4 7 to 4 ! a) 'T‘rends in both shootiroot ratio (fig 4.6 a) and mean relative wmwth_

D

rate (ﬁ;g. 4.10 a) were both close to experxmentally})bserved trends, wlnle the magnitudes
of these two variables were reasonably siwilar.

It is also apparent that the impact of mycorrhlzal wfer'tlon cannot be predlctea thh
reference to mtrogen alone The dnfferences between the mycmrhxzal and the non-

mycorrhizal model elover plants in all of the output vanables were slight in comparison
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with those ubserved in the experxmentai work (figs 4.2 to 4. 10 a) ""11 is is daspite the fact

‘that the simulated biomass of mvcc:rrhlzal fungal hyphae was thhm the same range as

repm ted in Roi)sseau, Sylvia and Fox (1993) (about 3% of roof biomass). It is thus likely -~

that the 1mproved growi:h and mtmgen status of the clover plants in the mycm rhu, 1

exp&nm ental treatm@nts were due to an mdxrect effect. One likely possﬂnlnty is that there

was improved phasphums uptake in ) the mycorrhizal treatments aqnd that improved

- growth and nitrogen uptake were the indirect result of this, The geometrical pmpertlcs

of VAM fungal hyphae (eg. méan rsi{';lms,_ surface area, }&ngm) are such that the_ hyphae -

_ are particularly suited to uptake of 'Ithie' less mobile nutrients, of which phosphorus is one
' (Clar';son 1985). 1t is épparent in the case of the more mobile t'mtrie'nts' (such ﬁs NO{’I
and NI-L*) that ge{memcal consuiex atxous may be rexatxvely lesa unportant in terms of

uptake than the kmetlc propertles of the uptake sites (Gutsc'hmk 1993’)n and dt s

reasonable to assume tImt Lhe uptake sztes in mycorrhxz*ll fungi are siu filar 10 those in

plant roots. ln the case of Italian ryegrass altho-lgh the final sunularmn valyes for-

bmmasses were genera!ly ‘;mular ta the true valves, the trajeutm ies falic;wed to achieve

these final resuls were nonceably ditferent (ﬁg 42 to 4 5 b Whﬂe the growth cuwes‘ -

ﬁ

in the simulations were of an exponential form (even when cong‘adered from chy 28 fo h
L85 rather than from day 1), the expenmmtal grm-th cutves wetre almost linear. Jt is in
the simulations of nitrogen status of the 1yegréss componpnts, t;hat the,.-greatest! (
shortcoming of the model are apparent. In the c:'ise of the leaves (fig 4.7 b), thers are -
differences in both treund and magnitude. Ir the stems z;nti roots,pa!tl;ough the final

maguitudes are similar, the trend is noticeably different (fig 4.9 and 4.10 b}, Generally.

the real planis exhibit a decrease in the niirogen content, while the model p]'an_té initiaily

show a sharp decline, followed by an increase. The difterences in trends in the nitrogen

1

-
W
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contents do provide an explanation for why there were differences in the trends of

. b
~ blomass aceumulation. The initial sharp decline in nitrogen content corresponds with the

initial slow rate of biomass accumulation and the #pcrease in rate of biomass .

-accumuiation corresponds to the increases in nitrogen content. In terms-of the model,
the most likely explanation for the inability to simulate the nitrogen status of the rye

plants is the scaling funj_c;_ticms {equn 4.17) which will restriet the flow of either substrate

(carbion or nitrogen) between structurally small compar'tmenis and structurally large

pools (such as the roots and stems). R
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Despite any é‘hortrommg;of the mode} descrxbed in the previous chapter, the mc:del :

does represent a stgi-mcaut 1mpr0\rement on prev:;v;zs attempts to nodel mlxetl canopies,
5

particularly grass legume- n‘mturea And in at Ieast four out of the f:ve bbjet:twes of

modelhng laid down | in Pennmg de Vreis (1982) (chapter 1.4) the ex&:rclse was & great

success: ' ’ o

n

n

_From the simulations carried out and presented in cha )pters 3 and 4, it s obvmus that

the model allow; mtewrated information to be made opemttonal This was achieved
'\‘
through the incorporation of the madels into the computer programs listed in appendlx
o
I As an attempt to help define and categorise the wstem, 1he model qras also successful

‘Az mentioned above the mxmahsanon of the system repres%lnts a, mgmi‘“mnt
- W

zmprovemqmt on prewous attempts In addition to zmprovements} in the descrlpt’ons of
plant processes (in pax sieular photos,mthesm in chapter 3), an attempuwas also, made to

expand the descnpnon to inclide the impucts of two: symbiotic assocnattons, namely” -

[

nodule-forrnmg bacteria, and VAM»formmg fungi. To niy knowledge thzs has not been

attnmpted before Also, because of the submodel appmach. the model very etfect:vely "

categorizes the systemn into above and below gmund p;ocesses, each of whicli are

subdlvxded into a number of parts (fig.5.1). Despxte this categ’orlsatmn, tlzte mcdu-.’stlll |

retams a high level of "mtegratablltw asa result of feedback links, and a cc-mmun upper |

h;erarchlcal level,

Aithough a nuinber of improvements have been made relative to prevlbus modeis, the
) ! \)

i Wt

‘)
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]
model is not wmhnut its gaps, and these arb mauuest in the shortcomings of the mcde!.

' descnbed in the prevzous chapter, For m#tanue, a great deal of work still nesds to be

T

done in tenm. of desmbmg the ailocaxpou of mtrogen In addition, many of the

parameters used were at best, borrqwefr-l from other systems, and at worst educated |

i

gues'ées and this lack of knowledge needfs ta be remedied through further experimental

work. The possxbihty that the observeﬂ impact of VA mycm rhizal formatlou on the

.l

clover growth and mtrogen status may be the remlt of indirect effects associated with .
improved phosphorous nutrition is an interesting hypothesns whlch neads to be tested,

and 1f necessary, mcorporated into tha formalization. It can thus be seen that even the

shortcormngs of the model do hav;.e a positive contribition to make in terms of guldmg

4 ) -

future research.

In terms of the final objectiyé described in section 1.2 (ie that the model provides a,

_a



" means for dlssemmatmg mfarmatmn) the mpd&ls wvre at. lerzast partiatly successfjl. m:
that the outputs (flgs 32 10 34 and figs 4.2 to 4 1(}) represent a summary of the
simulation ability of the nnmde_}s. However, because the models were "phrased” in terms
~of mathematies, the models readabitity is somewl:m'tl lirm'ii,cd. : ¢ |

IS

Finaily, besides the genef;.l success of the modellin’g ex_ercise, the results p.x.'esented in
chapter 2 provide'ﬁnrther eﬁ;piﬁcal data which may be adted to existing data bases. A

pamcularly mterestmg imdmg was- the fact that the Italian ryegrass dld not enter mto\ |
any symbiotic associaiion with VAM fungi. It was also mterestmg that the perfomrmce_
of the white clcver ln the mixture was ssgmﬁcanﬂy unproved by the tormatmn of
symbrctlc msoc'anons and that tl:us 1mprcvement was not at the sxpense of decrgased
rye g?;ras.'si perfonnaucg within the growth period defined by this experimental work. It is
difficult, if not impossible to extrapolate this finding quantiiativg!y to a larger scale.

n ! - :‘L;\
* However, qualitatively, this finding must have management signiticance.

§
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APPENDiX 1. Souree files for ;ﬁodel programs

i-

* *

PROGRAM MI("SIM

.

* This program is designed to simutlate the prowth and photasynthwsis
* of two cpeeies in mmd CAROPY.

* By MNeil Bocles -

 INTEGER TIME, LIMIT i
REAL Wi, W2, 81, 82, L1, L3, A1, MA;‘\J‘E AMRZ, 1, 51, ¥S2, FL1
REAL FL2, $L1, S1.2, BY, B2, €11, C2051, H2, H1U, HUL, H2U, HaL,
REAL LAIU, LAIL, LAZU, LAZL, P1U, P1L, PL, P2\, I‘ZL, 2
REAIL Ni, N2, 8L.A1, SLA2, M, Y, K, K2, DAY L

OPEN (UNIT=1, FILL. 'b:AMICSIM.DAT, STATUS="QLD")

OPEN (UNIT=2, FILE=":MASS.DAT, STATUS="NEWY) -

OBEN (UNIT=3, FILE="A:HEIGHT.DAT, STATUS="NEW*)

OPEN (UNIT=4, FILE="A:PHOT O.DAT, STATUS="NEW")
- J

PRIN'T*, "How meany days do yuu want 1o run for?'

REAL, LIMIT

TIME=0.G

READ (L*) W1, W2, 81, 82, L1, L.2

READ (1,") U1, 12 .

READ (1% P1, P2
I
* This is the end of the variables entry loop
. Now enter the input pammeters

PRIN‘I‘*. 'Emer values for tlm fotiowing:’

PRINTY, 'F51, 182, FLJ, FL2

READ*, F§1, K82, FL1, K12

PRINT*, 'Ni, N2

READ*, N1, N2

PRINT*, 'K], K&

READ*, K1, K2

PRINT®, T

READ*,

I IF (TIMELT.LIMIT} THEN
Ad=195E.06
AZe= 122106
AM 1000026
AM2=000041
SLAL=(1
SLA2=0.07
M=0.032

=(7¢
131240
BZ=80
Cle?
C2= B :
DAY =31325.43

T



Wie=W{H{(PI-M*W1)=Y)

W= W2+{(ELMPW2*Y)
S1=ST+{(PI-M*W [}*Y*FS1)
52824 (P2 M W2 Y9EE2)
LisLI+((B1M*W1)*Y*TLD)

Lo=l 2 (P2 M W2)* Y*11L2) o
SLi=L1/51 ;\
SL2=12/52 -
HI=BI*SLNDCI

H2 == B2HS2N2)

o
T

1F (HLGTH) THEN

HIU=HI-142

© HIL=H2

+ &

12U:=0.0
H2LeHR

LA LU= ((HIUB1 4 /C1))*NI*SLI*SLA1
LAIL=((HIL/BD**(1/CH*N1SLI"SLAL
LAMI=00
LAZLe((HIL/B2*(1/C2))*N2*SL2"SLA2

PlU= DAY*(AMUKD"IOG{{AMI+A1"<1‘~U!JAY)!(AM1+A1*K1"'{Iilﬁ.W)'
EXP-KI*LAIUY) .

PIL=DAYHAMIKN* LOGEAMI+AL*((* I -KILAIULKZ LAZU)/DAY)
SEXP-R2*LAZLIN t\MI+A1*((I*EXP(-Kl*l.AlUuKz*LABU ;)ﬂJAW
(EXP(-K2*LAZL-K1*LAILY)

Pa=DAYHAMIK2)* LOGUAM2+AZH(I*EXP(- KZ*L,A‘.U KI*LAITDVDAY)
S(EXPL-KPLAILY)AM2 + A2* (P EXPCR2*LAZU-K] “‘LAIU))!DAY)‘“
(EXP(-KI*LAIL-K2*LA2L)))

PaU==00
Pl=PIUSPIL
Pl=PIU+ P2,

ELSE IF (HLLTE2) THIN

+

x3

HiU=0,0
HiLeHl

H2U=112-HI

Hib=mH1

LALIU=00 .
LATL=((FIIL/BI* 4 L/CT5)*N1*SLI*SLAL
LA2U=((H2U/B)**(1/C2)) *N2*SL2*8LAZ ©
LAZL = (¢HAL/B2Y**(1/C))*N2*SL2*SLA2

PIU=00
PIL=DAY*AMIKTY* LOGEAMI+AIS(I* EXPCKI*LATUXZ LA N/DAY)

S(EXP{-R2LAZL)IHAM L +A 14(I* .xp(-m*m:u.xzwmu»mz\w
(EXP(-K2*LA2L-KILAILY))

- PRU=DAYHAMY/K)T OGUAMZ+AZ K2 DAY AME+ A ‘“{HDAY)*

EXP(K2LAZU)Y) |

PALeDAY*AM/KE® LOGYA M"+A2'{(I SEXP(KZPLAZUKI*LAIUNYDAY)
HEXPEKILAIL)AAM2+ A2%(IPEX K2 LAZU- KI“I,AIU\)*‘I‘)AY)“
(hXP{q(l"‘lA!L-I{E."IA.EI,))))
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Pi=PIU+PIL ' .
P2=pP2U+ P2 . ’ :
ELSE ' !
H1U=0.0
HIL=H
L HIU=00 : P
H2L=H2 ’
LAIU=00
LAIL-*({'E'IIUBI)““‘[UCI]}“Nl*SLl‘*SLAl
LAZU=0.0
LABL-({HZUBZ)“(!;‘Q))*N"“‘SIQ*SLA"

P;U“U 0

PIL=DAY*AMIK1* 1 O(x((AM L+ AL ((TEXPLR I *LATU-KZ LAZUYDAY)
4+ (ERPERLAZLYAMI+A TP EXPERL LATU-*LATUY)/DAY)
+  (EXP(-K2*LAZL-KI*LAILYY))

PZU“O (‘

+  HEXPCRILALL)AM+ AZYIEXP(-K2*L A2U-K1'LATD)/DAY)*
+  (EXP-KI*LAIL-KZLAZLN)

Pl=PIU+PIL
2ePIUHP2L
END IF
WRITE (%) TIME, W1, W2
WRITE (3, TIME, H1, H2
WRITE (4*) TIME, P1U, 1L, P2U, PIL
. TIME=TIME+10
GOTO1
END IF
END

O

END

PROGRAM MOD
# B
* Thas progam is designed fo simulate the growth, photosynthesis
* and nutrient uptake of two speeies in 2 mixed canopy.
* Specles 1 is the grass, while gp 2 is the legume.
. : :

* By Nell Becres 1994

-
INTEGER TIME, LIMIT, AMM, ANN .
REAL 81, 82, L1, L2, Al, A2, AMI, AM2, I, MYC, NOD
REAL SLI1, SL2, Bl. B2, 33, B4, F1, 112, HIU, HL., H3U, H2L
REAL LAIU, LALL, LAZU, LA3L, P1U, PIL, PL, P2U, P2L, B2
REAL-NI, N2, SLAL SLAZ, DAY, PIL N, §
REAL R1, R2, RR1. RR2Z RM, PRL, PR2Z, PM, SAL, SA2, SAM
REAL LRI, LR2, LM, VRI, VR2, VM, VRH, Vi, T
REAL NS, NRIL, NM, NN, NRT, NRZ, N81, N§2, NL{, NL2

- REAL CNS, CNRE, CHM, CMN, CNRE, CNR2, CNSI, CNS2, CNLI, CNI2

REAL CLI, O81, CRY, CL2 2823, CR2, CN, €M

PAL=DAYAM2/KI)* LOG{AMZ+AZ (PP EXP(- KZ*LA?.J—KI"I.AiU}}!DAY) A
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REAL CCLL CCS1, CORL, CCL2, CCSE, CORZ, CON, COM
REAL SNM, SN, SNK!, $NR2, SNS1, §NS2, SNL1, SN2
REAL GLL GS1, OR1, GL2, G82, GR2, GN, GM

REAL GCLL GCS1, GORL GNLIE, GNST, GNRL

REAL GC12, GCS2, GORZ, GNLD, GNS2, GNR2-.

REAL GCN, GCM, GNN, GNil .
REAL 1, 12, 3, 1. 15, I8, 17, 18

-~

REAL UCLI, UCS1, UCRI, UCLE, UCS2, UCRZ, UCN, ULM~

REAL $1, J2, J3, 14, J3, J6, J7, 18

REAL UMM, UNKN; UNR], UNR2, UNSL. UNSZ, UNLY, UNLN

REAL 01, (2, 03, Q4. Q5, 06, Q7, Q8

REAL M1, MZ. MNOD, MMYC, Y1, 72, YN, YM

REAL ML}, MS1, MR1, ML2, ME2, NMRZ, MN, MM
REAL K1, K2, K4, K3, K3, K6, K7, K8, K9 .
REAL KMI, KMz, KM3, KM4, KMS, KMS, JNJ, N2, INM.
REAL RS81, RS2, RRY, R84, R85, RS, RET, RE8 '
REAL RS9, R8I0, R811, RS12, RS13

REAL FL1, F84, FI2, 182, FN, M

REAL U1, U2, VMAXL VMAX2, VMAX3

REAL DML1, DMS1, DMR1, IML2, DIMS2. DMR2, DMM, DMN

REAL NDLi, NDLZ, NDS1, NI282, NDR1, NDR2
REAL RUL, RU2, RUM, FIX, CFIX, SNFR

; C
OFEN (UNI'T= |, FILE="2:COMPLDAT. STATUS="01D"
DPEN (UNIT'=2, FILE='A}COMPLDA T, STATUS="0LID"
OPEN (UNIT=3, FILE="A:SYM.DAT STATUS="0OLY")

OPEN (UNIT=4, FILE="A:NITROLDAT', STATUS="0LD"}

OPEN (UNIT=S$, FILE=" AN TROLDAT STATUS='0OLD")
OPEN (UNIT=6, FILE="A:COMP.DAT, STATUS='0OLDY

OPEN (UNIT=7, FILE="A:COMP3.DAT, STATUS="0OLD"
-OPEN (UNiT=8, FILE="A:COMP4.DAT", STATUS='QLD")
GPEN (UNIT=9, FILE="A:COMP5.DAT, STAIUS="0LL)")

v

* Specify 1 mber of iteratioas
L

PRIN™®, ‘How mauy days do y\m want (o fun for?’
REAL ; LIMIT
TIME=(0.0

L]

* Charscterize system! mye or nod?

& - !
PRINT®, 'Euter | for +MYC or O for MYEC?
READ*, ANM
PRINT®™, *Enter | for +NOD or 0 for -NCD?
READ*, ANN

L

* Enter the startivg mnditions

L

© Starting values for stats variables and other dnvmg, r variables
* biomasses , L

L] ’ i A
Li=iL1 ' '
L2=00175
Sle=(nl
S2=0.014
Ri=2().23
R34 21

o

161



MYC=D00! -
NOD=0.0004

L

©* nitrogen status
LJ

NE=750
NRH=75t-6
NM=TH-3
NiN=4 504
NR1=002
BR2e 015
N5 1==0.008
INSZ=0.001
NLT={.008
NIZ2=0002
* parbon status
CCLI=0.12
CL2=0.0083 f
C81=0.015
8200
CRI=02 .
= 0,002
CM = {444
CM=9.5E-5 -

L]

* Calenlute subsirate concentrations (substrate/structura)

* saxbon
CCL1=CLI/LL
COs =088
CORI=CRI1I/AR]

CCL2=CL2AL
CCS2=C82/52
CCR2=(CRAR2

CON=CNNOD
COM=CMMYC

* nitropen

1]
CNLI=NLIA.l
CNS1=MS1/8L
CONRE=NRIRI
CNL2=NLYL2

o ONS2=NS2/42
cwaz;wmmz

CNN=NNNOD
CNM=NM/MYC

| LF CFIMELTLIMIT) THEN
TIME=TIME+10




' LIST CONSTANTS
H

SLA =01
SLA2=0.07
Mi=0.032
M2=0.412 .
MMYC=0,032
MNOD=032
Y76

Y2=() 76
Yi={76

C¥N=(1.76

RUfA
RUZ=4

.

RUM=4 """ 't}

Bi=df

B2 =80

BT

B4

DAY =31825.43
N 1:= 1{H)

M= 10

* growth constanty
W

L]

* CC concentrations in struetiival matier

[ ]

)

]

I1=0),18%3/5
12=0.0464 .5
[3==0.45710
=017
151100664
I6=0.009
17=0.04
18=006

Hes0sl
Ji=04
J3=(4
Jd==0.¢
J§=0.4
JG==0.4
J7=04
JB=04

* N concentrations in structural matter

1=0.06
02=0.009
Q&==0.009
Qd=0.07
Q5=0.04
Q=004
Q7=048
08=0.4

K1=0.25
Kl=0.5

' ‘-i-f]
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N

I=1.87E+7
De=1E3
T=1
PR1=3.3E+6
PR2=5AE 4G
PM=530+6
PLe=23/7
RRI=1E4
RR2:==12F-4
RM=6E6
F=0pl
VMAX =50
VMAX2::40
VMAX3=50
KM1=100
KM2 == 10
KM3=100
KMd=03
EMS5=0.5
KMe==0.5
JN{=0.006
INZ=0.006
JoiM=0.006

™ registanes to flux

1]

"

* sapescence rates |

[ 3

u

RE1=32
RS§2=12
RS3=12
R¥4==12 .
RE85=1.2
Pofi=d
1287212
RS8=1.02
R8%=1.02
RSID%'LUZ_I
BSti=1.02
R&I2=1.002
RS13=1.02

i

SNS1=0.007 ¢
SNR1=0.007
SNL2=0.007
SNS2=0.007:
SNR2=0.007
SNN=(.007

SNM=0,007

N={.75
5=04
SNFR=003
CriX=6.14

¢

» CALCULATE UPTAKES/ACQUISTTION
* Caleulate photosyuthetic inputs



DML1=L14CL14+NLI
DMS1=81+C814-NS1
DMRI=RI+CRUNRI -

DME2=L34+CL24NL2 _ .
DMS2=82+CR2+NS2 ) , : "
DMR2=R2+CRA+NR2 .

PMN=NOD+CH 4+ NN
DMM=MYC+CM+NM

NDLI=(NLi+LI*QiYDMLL
NDL2:(NL24 L2 G4 DML2

SL1=MLIDMS1
S$12=DML/OMS?
H1=BI*(DMS1/N1)**B3
H3=B2(OMS2/N2) ** B4

A2e=(TOBEH6)*NDIL2. Y77
Al =855 *NDLI-L35R-7 |
AMI=(0.0144)*NDL1-2.88E-5
AMZ={0.0227)*NDL2.4.541-5

IF (HL.GT.H2yTHEN S
H1U=HL-512 ) j
Hil=H2 '

H2U=0.0
. H2L=H2 '
LAIU= ((HlUan"“‘(UBS))‘N1*SLI'5LA1
LAIL:((IIILJBI)“(“UBB})‘NI"&Ll*SLAi
LA2U=008 |
LM&Lm((HZUBZ)*"(1}B4))"N2*SL2*SLA..

PIU=DAY*(AMIKD* OG({AMHAI*KI“‘UDAY)!(AM 1+A1*I~.1*rmm\r)*
+  EXPLKILAIUY)

PIL=DAYSAMUKI*LOG(AMI+A I (1*EXP(-KI*LALU-KI LAZU/DAY)
= MEXPLKILAZL)MAMI+ AP EXP(KIPLAIU-KE LAZU)VDAY)® :
- {(EXPL-K2*LA2L-KI*LALL))) _

PAL=DAYHAMIKZ *LOGH{AM2+ A2 (T* EXP(-K"LAZU-KI*LAIUYDAY)
4+ MEXPERILAILDMWAMZ + AP EXPER LA *LAIU D O
+  (BXPKILAILK2°LA21)))) -
P00 -
Pl=P1ULPIL,
PR= P2+ PAL :
BLSE IF (HLLY .HZ) THEN
HiU=0,0
HI1L=l
H2UU=H2.H1
DL
LATU=0.0
LANL=((HIL/BIY*“(1/B3)}*N1*SLI*SLAIL
LA = (HIUMD 1/B4) ) N2 8L 1LA2



A

3

Iy 4 . | -

LAZL={{HZU112}W(1;B4))?N2*5!;1*SLA_2.

CPIU=0G

o+
+

PIL=DAYHAMIKI) LOGHAMI+ AL EXP-K IPLATU-K2* LAZUYDAY)
AEXPL-KZ*LAZLYNHAMI + A LN *EXPL-KI*LALU-K2 ’LAZU)}!DAY‘}*
(EXPCRLAZLKILAIL)Y) -

DI =DAY(AM2/K2) "LOG(AM2+ A2 K2 UDAY W AMZ+ Az*hz‘(l{DAY "
EXP(-K2LA2U))) B o

P2 DAY AMYK2)*L OG((AM24+AZ((I*EXP(- “'*LA"U-K]"‘LAIU))IBAY)
*(EXP(-K1"LALL)AME+AZ*(1*EXP(K2*LAZD-K1*LA] U)):DAY)*
(EXP(-KI'LAIL-K2'LAZLY)))

PL=PIU+PIL
P2=P2U+P2L.

ELSE

HI1U=00
HiL=H1

H2U=00

2L

LR 1U=00

LAIL=(HILBI)**(/B5) NI"SL1"SLAL
LAZU=0.0

- LAZL={{H2LB2)**(1/B4))"N2*SL2*5LAZ

+

++

P1U=00

PIL=DAY AMI/KI'LOGIAML+AIM(I*EXP(-K1“LAIU-K2*LA2U))DAY)
“(EXP(- K‘B*LAZL)))I(AMI+Al*((I*I_XP(-K1*LAIU K LAZUY/DAY)*
(EXP(- m*mzum*mu,))))

P2U=00

P2L=DAY*(AMYK2 " LOGHAM2+ A2 ((I"EXP(-K2*LAZU-K1*LA IU})/DAY)
- HEXPCRT'LAIL) JIAM2+A2* (T EXP(-K2*LA2U-K1 *LAIU)DAY)*
(EXP(-KI'LAIL-K2°TAZL))

P1a=(PIU+PIL)
Ph=(P2U+E2L)

ENDIF

* Calculale N-uptake

LR1= Ru(Pr*(RmMy*Pm)
LR2=RZ(PI(RR:~"2)*PR2)
LM=MYCAPT*(RM**2)"PM)

SAI=2*PI*RRI*LR1

SA2=I¢PI*RRALR2
SAN,=2'PIPRM*LM

YRI=RIARL U
VR2=RIPRZ "
V= MYCPM

IF ({.GT.VRH) THEN
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i

r’rl

Tl

+

4+
+

da

VRH=(PI*((RRT+1D)**2) LR I-VR ) +{PI*((RR2+D)**2)*LR2-VRD) +
{PIN((RM+D)**2P*LM-VM)-
VE=T-{(VRF+VRI+VR2+ VM)

ELSE

e WRH=VRH-VRI1- VRZ«VM

SV8=0)

. BND TF

{F (VS.OT.0) THEN
CNE=NS/VS

ELSE & |

CNE =0 !
END IF

CNRH=NRI/VRH
K3=VS*VRH/(VS+VREH)

KdeSPLISTHLY)
K5=81*R14S1+R1)

K6=S82*1.2/(52412)
K7=S2*R2(S2+R2} -

KB=MYC*R/(MYC+R2)
K9=NOD*RZANOD +R2)

URH=K3*(CNS-CNRITY/RS]

{F (CNRHLGT.0) THEN

Ul—{VMAXl*CNRHHKMH—CNRH))*SA]
HOCRI(KMA+CORDY*( 1+ CNRI/INT))
UZ=(VMAX2*CNRHAK M2+ CNRH)) “SA2
HOCRAKMS+CCRZ)Y M 11+ CNRYIN))
UMs=((VMAX3*CNRE/(KM3+CNRH))*SAM)*ANM
*(CCMAKME+CCMY)*(1/( 1+ CNMINM))

ELSE
Ul=0}
U=
Ulvi=0

END IF

* Caleulate fizxation

¥
L]

&*

FIX ={CN*SNFR/CFIX)*ANN

FIX=DMN*SNFR*ANN

* UPDATE STATUS
* new substrate levela
* Carbort

*

CLi=CL1+M
C81=(8)
CRI=CRI-RUI*VI

CL2=CL2-+P2
C82=(82
CR2=CRI-RUZ* U2

I.;,h
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"

CM=CM-RUM UM
CN=CN-(CFIX“FIX)

* Nitrogen
L] - |

w

NL1=NL}
NS 1=NS]
NRI1=NRI+U1

NL2=NL2
NS2=N§2
NRZ=MR2+U2 -

NM=NM-+UM
NN=NN4 FIX

NRH=NRH+URH- UM-U1-U2
N$=NSURH

* Caleulate substrale copeentrations
* garbon

1]

-

*
*

CCLI=CLIALL
CCS1=CS181
CCR1=CRIMI

CCL2=CLYL2
CC82=C82/82
CCR2=CR2/R2

C COM=CMMYC
CON=CNINED
n.itmgqn

CNLI=NLULL
CN§1=NS1S].
CNRI=NRYRI
CNL2=NL2/12
CNS2=NS2/52

CNR2=NRY/R2

CNM=NMMYC
CNN=NRN/NOD

WRITE (9,*) TIME, CNL1, CNS1, CNR1

* CALCULATE FLUXES/ALLOCATION .
* Carben
[

FLL= R4 (COL1-CCS1)/RS2
FS = KS*H{(CS1-COR1YRS3

FL2-- BN CCL2-CICE2) /R84
E82=K7*(COS2-CCRL)/RSS
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FN= ANN*K9*(CCR2-CON)/RSS
 FM= ANMPK8*(CCR2-COM)RS7

*

* Nitropen
L]

FNLI=K4*(CNSI-CNLI)/RS3
ENS 1= K3"(CNRI-CNST)/RSY

FNL2=K6HCNE2.CNL2Y/RE
FNS2=K7*(CNRZ-CNSZYRSH

FNM=ANN*K9*{CNN-CNR2)/RE12

FiNM = ANM“Kb*(CNN—(.NR )!R&Ia -
o
* UPDATE STAIUS T
* Calculate the pew substrate levr.,l%
. Carhn\n -

- CS1=CH14-FL1-FS1 -
CRI=CR1+FS§1

CLA=CL2FL2
CS2=C52+ FL2-FS2
CR2=CRZ+ES2FN-EM

CN=CN4+FN
QMmCM+FM£

L]

7 % Nitrogen
|

NL1=NLA+FNLL
NS$1=NS1+EFNS1.FNL1
NR1==MNR1-FNS§1

NL2=NL2+FNL2
NS2=NS2+ FNS2-FNL2
NR2=NR2+FNN+ FNM-FNS2
] ‘f .\
WN=NN-E NN
NM=NM-I'NM
E
* Caleulate substirate mncemranuns
* earbon
CCLI=CLI/AA
CCS1=C8181
CCR1=CRIMARI

CCL2=CLA2 N
COS2=082/82 o -
CCR2=CRYR2 :

CON=CN/NOL
COM =CMMYC

Brogin



ONL1=NLYL]

CNSI=NS§1S1
CNRI=NRIRL

CNLZ=NiVL2 ;
CNEL=NS2ED

CNRZeNRYRZ
CNN=NN/MNOD i}
M= NMMYC
L]

WRITE (8. TIME, CNLI.' CMS1, CNRI
W I

* CALCULATE uROWIH AMD USE 01- SUBSTRATES
g,rawth :

GCLI=11*CCLIML

GNELLe= 1*ONLI* /1L
IF (GNL1.GT.QCLE) THEN

GLE=GCLL
ELSE
L=
ENDIF

GOS0 CCS 128

SGNST=12ONS RIS ]

IF (GNSLGT.GCS1) THSN

(35106051
BELSE

O81=CilNGL
BN IF

GCR1=I3*CCRI*R] .
GNRI=13*CNRI*I3/03R1
IF (GNR1.GT.GCRY) THEN

GRI=CCRI
ELSE '

CGR1=GNRI
END [¥

GCL2=H*C0La" 2

GNL2= 1 CNL2A 4412
IF (GNI2.GT.GOL2) THEN

GI2=GCEa
BL8E

GL2=0NI2
END IF -

GCS2=158*CCE2*82

GINSI=15CNSI ISH05462
1F (GNS2.GT.(082) lI{]'

£382=03082
ELSE
G820
END (F

!L'.

..I
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GORA =8 0CR* 12
CGNRZ=6PCNRZI Q6" 12
IF (GNRLGT.GCRY) THEN
GR1=0CR2
ELSE .
OR2Z=2GNR2
END IF

SN = [7*CON*NOD o :
GNN=I7TCNN*I7/QT*NOD o
T {ONNLGT.GON) THEN

GM=GON

GNesGNN
END fi

GOM= 18 COM*MYC \'\

GNM=3"CNMAIB03*MYC \

IF (GNM.GE.GOM) THEN .
GM=GCM .

ELSE .. ;
M =CINM . \
END IF - j

ik
* regpiration
w

i

MLI=MI®LI

MS =M1 - - . '
 MRi=MI*RI :
ML 2s:M2%1.2 '
MS2eMEE2
MR2=M2*S2
- ) : Y
MN=MNOD*NOL ' i
MM=MMYCMYC
[ ]

* ute of sabstrates lor growth

* carbot
UCLI=H*GLI/Y!1 : '
UCS[=J2*G5 17t , i
UCRi=J3*CGRYY! -
L]
- UCL2=jd"GLYY2
UCS3=154G84/Y2
UCR2=J6*GRYY2 T
UCN=J7*GM/YN
TCM=J8*GM/YM
* nitropen
*
UNLI=QI*GL1
U8 = Q270851
UNR1=03*GR

&



UNLZest " (12 =

UNE2 = (5082
UNR2=06*GR?
UNN=Q7*GN
UNM=08*GM

* UPDATE STATUS

“ tCafeulate the new substeate fovils
* Carbon '
CLIsCLEUCLI-MLL
C81=C81-UCS 1M
CRp=CRI-UCRI-MRI

CLaeCLIUCL2-ML2
OS82 = O3 UCEE-MS2
CR2=CRI-UCKIMI

CN s CNLUECN-MIMN
CM=CM-UCM-MM

*

** Nitrogen
-

“ NLI=NLIUNLI
NSNS 1.UNS]
NR|=NRI-UNSI -

NL2=NL2 f1N12 -
 N§2=NS2.UNE2
NR2=NRZ-UNS§2

NN=NN-UNN
NM=NM-UNM

3

i
- Change i strtetural material
w : B

L1=Li+GLI-(SNLI*L1)
$1=814GS1-(SNS1*51)
R1=RI+GRISNR R I)

L2=1 24-GLALLSNEYLY)

82282 GRZ-(SNBI*E L

R2=R24 GR2-(SNRI* Ry
&®

NOD = NOD+-GNSNN*NOD)
MYCa=MYCLGM-(SNM*MYC)

* Caleuiate substrate concentrations

* carbon
) o
CCLI=CLULA
" CCS =I5
- CORI=CRIRI
N
COI2=CLAYL2
CUS2= (882

CORA=CAR2
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CON=CNNOD . .
COM=CM/MYC
* nitropen '
*
* .+ ONLIsNLILY
CNS1=NS1/81
CNRI=NRIRE _ P
CNL2=NI1.2
CIN32=N82/52
CNR2=NR2T
L)
CNN=NN/NOH
COM e NMMYC
| WRITE (7,%) TIME, CNLI, ONS1, ONR1
: i _
* CALCULATE MEASURED PARAMETERS ~ ©
* dry migsx
™ 3
DMLI=LI+CLI+NL]
DIMS 1 =8+ O8] 4 NE1
IDMRI=RI+CRI+NR]
C DML2=L24CLARNLE
DM 2824+ C824 NE2
 DMR2=R2Z+CR+NR2
®
DMN=NOD+CN-+NN
DMM=MYC+CM +NM

. rﬁtluécﬁ chntent
. :

DL e(NLI+ L Q1)/DMLI I
NDS1=(NS1+81*Q2)/DM81] : .
NDRi=(NR14-ST*Q3)/DMIRI , ]

NDL2=(NL2+L2*O4/OMI2 ' ;!
MIIS2(NE24-824Q5)DMS2 .
NDR2:(NR24+827QE)DMR2 |
L] o
* Now comes the citput! - . :
- . p
WRITE (1,%) 'FIME, DMLL DMS], DMRI
WRITIE (2,%) TIME- DML2, BMS2, DMR2 _
WRITE (3,%) TIME, DMM, [YMN o
. WRITE (4,%) TIME, NDLL, Ni381, NDRI  © oo
. WRITL (5, TIME, NDDL2, ND82, NDR2 .
WRITE (6,*) TIME, CNRH, NRH, CN§, NS ' f

GO TO 1 2

ENDIF ' -
END
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APPENDIX 2. Reagents.
I Feﬂﬂisér solutions and app]icatié;s: _

Stack senc “(g“.l'l) ml stoclf.sl"

'mpo; 136,083 0.5

KNO, . 01097 - 3 )

Nﬁ¢N'03 80.052 3

,C,Q(NO_-,,)ZI | 164.088 4 .
"I Xci ﬂ 74.551 5

- :I i ‘} Wi “

MgSO; - 36.9

ICaSO‘,\SHIzO. | 0.024 g
[ Maso, 02 .

ZnSO,TH,0 — '0.0;0 5 -

H,B0, T . 0.2138 |

(NH,)gMo,0, 4H,0 ' 0.004

Co8O,." Fiul) 0.003 &\"‘\i

NaCl | 0.585 ‘
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if, Rhizobium selection and growth media (pH 6.8-7.0):

KHPO,  0sg - oty
MgS0,.TH,0 | 02 g "

NaCi - 0.1g

‘Mannitol | - 10.0 8

Yeast extract - Ddyg :

mAlgar ) o 150 ¢ M o

Distilied O | T |

*Congo red (0.25% mv) 10.0'mi

: ' i

* These compt;nents were not included in the liquid growth medium.
i .

T

iii. Reagents for nitrogen assays: -

i

PO

Digestion mixture:

420 ml concentrated H,23'04 éaret‘uily added to !5350 ml §,0, (100 vol.) on ice. This was

L

stored at 4°C.

Staining solutions:

Solution A: | " L



176
12.5 g EﬁTA- (ethy’léné~diamine-tetra-acetic acid) was dissol{red in 500 ml de-jonized

water and the pH vas adjllatEd to 10 wnth 2N NaQH. 10 ml of 0.25% methyl red

solutlon was then added.

3

Solution B:
70 ml phenot and 340 mg of sedium nitroprusside were mised. This was then made up

to 1000 m! with de-fonized water.

Solution C: |
148¢ NaOH 498 ¢ NaQHPOC,, atid 200 m! sodium hypochiorlde (5%) were mixed and

] then made up to 1000 m! with de~1omzed water,

Ammenium suiphate stock solution: -

0.25 M (NH,).S0,
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APPENDIX 3
i. PARAMETERS AND CONSTANTS: B
SNLL ' Leat senescence rate for sp.d : | rgS’I‘.rrl'z.ﬂay“ !
SNSi Stem senéscence rate for sp.i gSTa day!
SNRi Root senescence rate for sp.i gST.xifﬂZ,day"l
SNN _ Nodule senescence rate ) gST.m2day!
SNM e VAM hyphal senescence rate gST.m2day?
SNFR Specific nitrogen fixation - gN.gDMLday*
rate - |
CFIX " Carbon cost of nitrogen fixation s gC.gN
RS ;{5 o Resistance to mineral nitrogen | day
| \, flux between the soil and the '
rhizosphere "
RSi(i=2-7) Resistance to substrate carbon - day
fhuxes
RSi(i=8-13) Resistance ta___sixbgiratg nit_rogei; . day
! | . ! : s P A
". E
Yi Growth respiratory coefficient
* For values uséd see FORTRAN source fils listing in Appendix 1 ST



YM

RUi

DAY,

li

 for sp.i

Growth i‘es;ﬁratory coefficient  ”

" for the nodules_

Growth respiratory coefficient

for the VAM fuugi

Respiratory cost of

“nitrogen uptake and

assimilation in sp.i

Yy

. Growth constants for the -« -

Respiratory cost of
nitrogen uptake ahd

assimilationﬂin sp.i
. bay length

Dénsity of plants of sp.i in

the canopy

various components

Carbon concentration in

. structural dry matter

5

[
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gC.gNe!

gCgN?

plants,m?

£C-gDM



Mi
MNOD

MMYC

Ki(i~1,2)

Bi(i=1,2)
Bi(i=3.4)

SLAd

Nitrogen concentiation in

structural dry matier

" Maintenance respiration coefficlent

~ forspd ' N

Module maintenance respiration

c%ft’iqi_ent

- m hflj;éorrhizal fungal maintenance

respiration coefficient

- Canopy extinction coefficient -

of sp.i

.. Rate of fertiliser application

- v

"Allometric constant for relating _

© height and ‘biomass

Allometric constant for relating

height and biomass -
Specific leaf area of sp.i

Total volume ij.‘»f the below ground

R

a1

- gNgDM!
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RRi
RM
PRi
PM

VMAXi

s

- KMi(i=1-3)

KMii=4-6)

INi(i=12)

| INM

‘system

L

iy . : .
Mean root radius of sp.i

| Mean VAM hyphal radius

Density of root tissue of sp.i
Density of the VAM hyphal tissue
L

Maximal uptak rate at saturating

nitrogen levels
Micheslis-Menten constant
Root activity parameter

Nitrogen 'ﬁptake inhibition

constant for species |

Nitrogen uptake inhibition

constant for the Vz\\{d{ hyphae

f}
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. gN.m2day?

. gC.gST
gC.gST?

gN.gST!

gN.gSTH



o ' T
ii. VARIABLES: . ’
| . E..l | .I.j:.eaf st_lmctu_l-‘al dry mass of sp. i B - gSTm?
Si ” ' Stem §£ruct;1rai dry mass of sp. i | t ' gS'I‘.’:n‘.z
Ri , - Root styucturai diy mrass of spd | ‘ | gSTm?
NOD ¢ Nodule s;:mcmrajf}dxy mass S gST
MYC Structural dry mass-of the VAM"f'qngi' \ o gs_';?m‘z |
CCLI _ Carbon substrate coacentration | - g(l‘gS’l“I
in the iéave.s 6f sp.' i “ ,
CéSi - Carbon substrate (P:oncentratioln ! .\gc.g‘S'i’l
| in the sterns of sp. i _ .\
CCRi . - Carbort substrate c&nm;ration . %_{,‘_:‘\FST‘I :
in the roots of sp. i
:'CCNI:' : ~ Carbon substrate Mnéenn'aﬁon s | R gC.gSfP‘
in the nodﬁles - |
CCM o Carbon substrate concentration - - | gC.gﬂ.S’I:"
| in the VAM fungi_ o
.-CNLi .7 Nitrogen substrate concentra-‘rtiou o - gNgST!
in the leaves o’;' sp. 1 | ‘ o
. CNSi _ Nitrogen substrate conce-ntratioh b gN.gST!
in the stems. ofsp. i
*"’éTmstrUc:ture



1l

s

X

CNRi Nitrogen subsirate concentration

I

in the rmf?,@,ﬁ. sp i

{'\"' [ :

CNN | .+ Nitrogen substrate conceiitration S e gNgSTH T %
in the nodules ‘ s
CNM Nitrogen substrate concentration _ . - gMN.gST

- in the VAM fungi - B a _ T
CNS - Mine;al nlitrogep;fi&ncent;a*{pn A, " T gN“ﬁ;Em; | .
in tlhe, soil ~— & - o - o “ C L
CNRH ~ Miletilnitrden concentration '"

[}

s -

£ - A CRC -o . \
- N _':. T Il e i .
) in the:: zosshers iy : L.
. - . Y . . A . Lo
b a ' a - I Y ool I
- : R .o st . bl ~ I ru At | .

i
CL! o .I , | 'ﬁaﬁguntloﬁaafblog éubstrlzilt;a nFi .'the n I 'j gCZ
n ’ o _Jeavggf,g;f-spﬂ i | T ; - -. B
.. csi | : Amﬁunt of carbon substrate in the o _ E o gC “_
stems of sp. i | T - o i
CRi - Amount of da‘rbomsut;_st;gte in the . S I. gC o
yoots of 815- i 4 .- T I.
LN - Amount of ;:arbaq substrate- in the . L 2C
: noﬂules‘ o | |

M . Amount of carbon sabstraie in . Je _ ‘ gC "

VAM fungi

= A _
WY [
I\I 1
2 1. - '
. . oy '

NLi . Amount of nitrogen substra%e in the

leaves of sp. i



NSi

CNRi

NN

NM

DML

DMSH

DML
DMRi

DMN

DMM |

NIILy
NDS;
NDRi

NDN

. Total nitrogen content in the

Amount of nitrogen subsirate in the

- stems of sp. i

Amgunt of nitrogen substiate in the

o

roots of sp. i

- Amoutit of nitrogen substrate in the

nlodulm:-

'Amount of nitrogen substrate in the -

VAM fungi
AN

Total leaf biomass of sp.i

Total stem biomass of sp.i

Total leaf biomass of sp.i

Total root biomass of sp.d

Total nodule biomass

“ Total VAM fungal tiomass

"Tota] nitrogen content in the
leaves of sp. i
Total nitrogen content in the

il

- slems of sp. i

roois of sp.

~ Total nitrogen content in' the

no_dules

183
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- gDM.m
DM .

gDﬁgI.m‘a
gDMni;z
gDM a2
gDM.ﬁ1°3

gN.gDM*!
gNgDM®
. :;,N’.;gl_i)M“‘

aN2DM? -

f



i
:I:i
i

NDM ’ ~ Total nitrbgen comtent in the

L
- I3
"

i gN.gDM
l. . uodules - ! ) L _

Soil volame | |

£

i _ v m® -
VR ; _ Rhizosplere volume

R " ' ) m‘-
- Volawe of the roots of spui

P - L

| ¢ Volume of the- VAM .fu;iga}_ ﬁyphae h |
ﬁ z::;_ ' ' - o
LR ﬁ :::;-. Rnot lengﬂl.i—if sp.; \ _ | ‘ ;‘--__\ _ - m
LM .'“f'?ﬁ EVAM hyphal Iengﬁ{ L o o |

‘|||, : A

Y ;Surfac.e area of the roots of - o
» - gpl | - . _ _

S SAM é,iur{:el_ce area of the VAM fungal e

| . -‘ Hyghae o - -

i
It
Hi

N i
1
i ’

Cuantum yield efficiency of )

7 sp.i

I-Lightisarturated p}mtasynthetic . © gCan®day?
rate of spi ,. - |

, Stem:leaf ratin. of sp.i

Upper éanopy leat area of



LAIL
PIU.
Pil,

Pi -

o1

Hi
HiU

o

HiL
. URH
Ui

UM

Ki

: i\lin; N

« e

sp.i

ILmlver canofzy leaf area of
T spd
- Upper canopy daily photos.yﬁ'th&tic ]

“vate of sp.i

Lower eanopy duily photosynthetic

rie of sp.i

Total daily canopy pliotosyittlletiq

raue for sp.i

Canopy depth of #p. 1o

 Upper canopy depth-of sp.i

Lower caquy:' depth of sp.i

Flux of”nitmgen from the bulk
soil to the rhizosphere

Nitrogem wptake rate of the roots

Lofspi

Nitrogen uptake rate of the VAM

fungi

Scaling factors

Maintenanve respiration costs

i

- gCarday’

gCoy 2 day!

1

gCon day!

gM.m%day* -

gN.m"*ﬂday“ '

gCu A day?!

4



MSi
MRi
MN

MM

FLi

FSi

* FNLi

of the leaves of sp.i

Maintenance respiration costs

~ of the stems of sp.i

Maintenance Irespira;ciou costs
of the -rnélts of sp.i
Maintenance respiration costs
of the nodules !
Maintenance respiration costs

of the VAM fungi

" Flux of carbon substrate ’

from the leaves wo the stems

“of spi-

. Flux of carbnln substrate

from the stems to the roots

ofspi: . i

Flux of carbon substrate i
from thé roots of the legume i
té the nodules

Fiux of carbon substrate

from the roots of the legume

o the VAM t'l;ngal hyphae

Fiﬁx of nitrogen substrate

from the stems to t_he leaveg
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- f.{(fm2 da;xy‘l1

gCom s day?!

gC.m = day

7 oC.mday?

£C. glay'
gC.day?
| g(?.day‘;
gC.da:,rf1

gN.day*



CFNSi

FNN

FNM

UCT

UCSi

UCRi

UCN

UCM

UNLi

UNSi

* in stem growth of sp.i e

S
“of spi
Flu.\ of _1__1itrogeni s?bstréite ", !' o '_ | -7 gNday
~ from the reots to ..;he stems o e
of sp.i
Flux of ﬁin:cjgennsgllfétrate _ : : gN.daa}“l.
from the podules to the roots "
of the legume
Flux of niirogeﬁ sub§tr§te - _\§N day ™
from the VAM funjgae to the )
roots of the legume _ | B ' - .
. Expendature of carbon substrate | L ;C.day" ’
in leaf growth of sp.i o
Espendature of carbon sitbstrate C U gC.day*
in stem growth of spd L K |
_ Exfeixéiﬁtu;e of caf‘bon substrate o 0 gC.dayt
in.--rodt growth of sp.i v |
Expendature of carbor substrate o - ¢C.day"
in nodule growth |
Expendmuré of carbon sobitrate eCuday!
in VAM___&ﬂQaI growth
Expendature of nitrogen ,s__ubstra;te o : "gﬁ__.day"
l'I-l leaf growth of sp.i | | _
Exp_:éndature of nitrogen substrate _ gN.day™ N



"UNRi

UNN

UNM

GLi .

GSi
ORI

GM

- FIX

. I - rr-:f
Expendature of nitrogen substrate

in root growth of p.i - E
Expendatuie of vifrogen substrate

(' in nodule growth

* Expendature of nfij,rogén subtrate

; 1

 in VAM fugal grgwth
Leat growth rate fc.lrl sp.i
fSri:.f‘é:‘n! gr'@;mth rate for sp.i | ,
Rc;ot growth rate 'fof..sp.%

- Nodule growth rate | 1

Mycorthiza! growth rate

Nitrogen fixation rate
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N

gN.day

STt day™

. gSTm* day* l

8T 2 day”
ST dayt

gSTm day”

gN.m.day "
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ADDENDUM Rem-ed equatioras ‘-3.35 @7) and 3. 36 (AS} and their dmvaaom

Flrst consider the lower ,canopy thh io tﬁe incident light, which has leaf area components
L1lo 2nd L2le. The light level within the canopy i« ;;i+en by (Rimmington, 1984) -

pelotetkemn S (Al

Where [1 and 12 are dummy variables which \%ﬁi‘jﬂ‘%ietween 0 and Lilo and O and L2lo

~ respectively, Assuming thé eawopy is homogeneous in the two components and if h is the
height of the canony and x is the distance from the top of the canopy, then

Jt=x/h Lilo | “mnd =x/t Lo LAY
Substituting cqgutmm A2 into Al _ |
I=1o* é:;m _I%Ltm;xzemw) . n ’ ” (A3)

The photesynthietic of component 1 of the canapy is

Pllo= [Ub AT*PAMIL. dll .- : . (Ad)
Jo AI*+AMI , .

Substitati* |

dt=dx L 45)

and equations A3 into equation A4

Pllo= Lljo {¥ _AMI*A|*[o¥er LI KNLA gy o (A%
| B Jo AMIH AR NI . : |

f

I 1 ﬂ !d 5 1 £ 3] !“h 'ia*éam*ﬂ(i*L1m+!{2*Lﬁn) dg {' AS}

J o AMI4AL*lo%e I TIb M 20

= LUo*AM1*A1%l0 In [AM1+Al#lo%e R Lo K2E &
h .

ch o ; (A8)
Al*To(K 1*L11o+K2*L2l0)

from x==0 {0 x=h _



Pilo = - AMI*Lilo %

K Lo +K2*L2lo
"in[ | AM_. 1im*x*exp(‘»gt*fiungz*mum | ]
AML+ADPTexp(-K1¥L1up-K2*L2up-K1*Lilo-K2*L.210).
similarly, fuﬁ species 2 o a i o
© Plo = _AM2*g_ *

K *Lijo+K2*L2lo

in[ o AM24 AP T *exp (K [*Lup-K2*L.2up) - ]
AM2+A2*1*exp(-K 1*L1up-K2*L2up-K1*L110-K2*L.2l0) ]

g

- {ATy

o
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