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Propositions 

1. The definition of sinks in plants, as organs that receive nutrients or sugars 
from other tissues (i.e. sources), is useful for modeling the response of plant 
growth to nutrient deficiencies. 
This thesis 

2. The general response of plants to phosphorus deficiency can not be 
explained alone by its effects on photosynthesis. 
This thesis 

3. In wheat, the larger part of the negative effects of phosphorus deficiency on 
total leaf area can be explained by an impaired leaf emergence and tillering, 
in sunflower, phosphorus deficiency also limits leaf area expansion through 
the impairment of photosynthesis. 
This thesis. 

4. Phosphorus deficiency increases the heterogeneity in the plant population 
with respect to plant size and structure. A larger heterogeneity of the 
individuals in a plant population will increase the expression of intra- and 
inter- specific competition in the crop. 

5. Our present understanding of plant and crop growth allows us to improve 
upon those simulation attempts in which the specific leaf area (SLA) is 
assumed to be constant. 
This thesis. 

6. There is agreement on the statement that there are no models without 
data,... however, it seems we have forgotten that ...there are no data 
without experiments. 

7. In transition countries, the shift from command economies to free market 
economies has created massive opportunities for appropriation of rents, i.e. 
excessive profits, and has often been accompanied by a change from a 
highly organized system of corruption to a more chaotic and deleterious 
one. 

8. Rationalism is futile for the essence. It is only useful to prove theorems or 
invent machines. 
Ernesto Sâbato. Pagina 12, August 31, 1998. 

9. The increase in the speed of communication and transport was necessary for 
the globalization of the economy, but it also led to the globalization of 
economic crises. Unfortunately, the understanding of our societies has not 
evolved that fast as computers and communications. It seems that our 
globalized society urgently needs more globalized education. 



10. Here everybody talks about the weather, but nobody does anything about it. 
Said by Mark Twain 
Unfortunately he couldn't be more mistaken, we have been changing the 
weather already for a long time, and it seems we will continue doing so. 

1 l.No man qualifies as a statesman who is entirely ignorant of the problems of 
wheat. 
Said by Socrates. 

Propositions associated with the Ph.D. thesis of Daniel Rodriguez. 
Understanding growth limitation in wheat and sunflower under low phosphorus 
conditions. Wageningen Agricultural University, October 7, 1998. 



Abstract 
Rodriguez, D. Understanding growth limitation in wheat and sunflower under low 
phosphorus conditions. PhD thesis, Sub-department of Theoretical Production Ecology and 
Soil Science and Plant Nutrition, Wageningen Agricultural University, The Netherlands. 124 
pp. English, Dutch and Spanish summaries. 

The study described in this thesis focuses on the understanding of growth of leaf area and 
biomass in wheat and sunflower under low phosphorus conditions. Chapters 2 and 3 address 
the question whether P-deficiency limits leaf area expansion directly by inhibiting the 
individual leaf expansion, or through its effects on the availability of assimilates for growth. 
Experimental and simulation techniques were used to find an answer to this question. It was 
concluded that in sunflower the effects of P on sink size and assimilate supply were important 
for determining plant leaf area expansion (Chapter 2). Instead, wheat responded to a low P 
supply mainly by reducing sink size (Chapter 3). A sensitivity analysis of the effects of 
different model parameters at different levels of P supply, on the simulated total leaf area, 
showed that the value of the phyllochron, in wheat and sunflower, and tillering in wheat were 
crucial in determining the total leaf area. Chapter 4 focuses on the effects of P on the 
generation of leaves and tillers in wheat. Here, it was shown that the emergence of main stem 
leaves in wheat plants grown under P-deficient conditions was delayed (higher phyllochron) 
as both, the rate of leaf primordia initiation in the apex, and the rate of individual leaf 
expansion were reduced. In Chapter 5, the effects of P and assimilate supply on tillering were 
studied in a field experiment. P deficiencies directly altered the normal pattern of tiller 
emergence by slowing down the emergence of leaves on the main stem, and by reducing the 
maximum rate of tiller emergence. In general terms, assimilate supply seemed to play a minor 
role determining tillering. Including the effects of P on the phyllochron and on the maximum 
tillering rate in a morphogenetic model of the generation of leaves and tillers, it was possible 
to explain the dynamics of tiller emergence of a field experiment. In Chapter 6, a comparative 
study of the response to P in wheat and sunflower is presented. The different responses of 
wheat and sunflower to P were explained in terms of their capacity for P uptake, root to shoot 
ratio, and the response of photosynthesis to P. In Chapter 7, the results obtained in this thesis 
are discussed with respect to our present understanding of the processes involved in crops 
grown under P-deficient conditions. Finally, needs of research in P-limiting growth are 
identified and new avenues for future work discussed. 

Key words: leaf expansion, modelling, phosphorus, photosynthesis, sunflower, tillering, 
wheat 
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Chapter 1 

General introduction 

Because of its relative scarcity and its essential role in energy transformations in all 
forms of life, phosphorus (P) occupies a key place among the major nutrients. Under 
low soil P availability, biological productivity is limited and P nutrition must be 
restored by addition of mineral fertilizers or organic manure. However, abundant use 
of fertilizers has created considerable negative environmental side effects in some 
areas, whereas in other areas, under-use of external inputs has caused the exhaustion of 
the natural fertility of soils, and soil degradation. In many Western countries, the use of 
P fertilizers has become excessive resulting in an increased leaching of P to surface 
waters and in environmental pollution (Breeuwsma and Silva, 1993). In less developed 
economies, the net financial return of P fertilization is rather low and difficult to 
predict. In these countries, the farmers grow crops at the expense of the natural fertility 
of their soils because of financial uncertainty and lack of information. 

To identify whether a certain nutrient limits crop yield is quite simple, if it does, 
fertilization will increase yields. However it is not that simple to identify the specific 
physiological basis of a nutrient-induced yield limitation. Alleviating nutrient 
limitations with a minimum use of fertilizers requires such identification, followed by 
beneficial modifications of the identified processes (Radin and Lynch, 1994). 

Although a considerable amount of research has already been conducted on P 
nutrition and P fertilizer use, the mechanisms involved in the reduction of crop growth 
under P deficiency remain a matter of continual study. The main reason is the 
complexity of the system under analysis. 

When complex systems are studied, the use of simulation models in combination 
with experimental work has proven to be the most efficient method of integrating 
information and problem solving (Barber, 1984; Hoffland et al., 1990; Bastiaans and 
Kropff, 1993). The use of simulation models in combination with experimental work 
could help to understand the effects of various P nutrition levels on different plant 
species and to find more efficient strategies for fertilizer use. 

Background and problem definition 
P limitation can restrict plant biomass accumulation by several interactive mechanisms 
(Osman et al., 1977; Halsted and Lynch, 1996). However, at the level of carbon 
economy, this general statement may be reduced to two main causes, (i) a reduction in 
radiation interception as a consequence of a smaller photosynthetic surface area, and 
(ii) a reduced efficiency of the transformation of the intercepted radiation into dry 
matter. 

Effects ofP deficiency on the size of the photosynthetic surface area 
Reductions in the size of the photosynthetic area as a consequence of inadequate P 
availability have been mainly associated to, (i) smaller size of each individual leaf 
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(Radin and Eidenbock, 1984), and (ii) lower number of leaves per plant, particularly in 
those plants that produce tillers or branches (Cromer et al., 1993). 

Leaf expansion: The final size of an individual leaf depends on both, the duration and 
rate of leaf expansion. The duration of the period of leaf growth expressed in thermal 
units, was shown to be little affected by nutritional factors (Ong and Baker, 1985). As 
a consequence, under conditions of sub-optimal nutrient availability, the rate of 
individual leaf expansion will be the main determinant of the final size of each leaf. 
Assuming that under P-deficient conditions leaf size is reduced (Radin and Eidenbock, 
1984), the question whether the rate of individual leaf expansion is directly reduced, or 
whether a lack of assimilates at the plant level is the driving leaf area expansion is still 
not answered. 

Leaf emergence and final number of leaves per stem: Morphogenetic descriptions of 
leaf area development can be expressed in terms of plastochrons. The term plastochron 
is used to describe the interval (in thermal units) between the inception of two 
successive leaf primordia in the stem apex (Esau, 1977). In cereals, between the 
initiation of a leaf in the apex and its emergence through the sheath of the preceding 
leaf there is a period of growth whose duration depends on the leaf expansion rate of 
the new leaf, and on the length of the sheath of the preceding one. These factors, along 
with the time when elongation is initiated determine the phyllochron, the interval (in 
thermal units) between the emergence of two successive leaves in the main stem. The 
number and rate of leaf primordia initiation in the apex has been shown primarily to 
depend on photoperiod (Rawson, 1971; Slafer and Rawson, 1994) and on vernalization 
(Flood and Halloran, 1984). However, there are contrasting results with respect to the 
effects of mineral nutrition factors on the rate of leaf emergence. Mineral nutrition 
appears to have larger effects on the value of the phyllochron than on the final number 
of leaves per stem (Rodriguez et al., 1994; Longnecker et al., 1993). As the value of 
the phyllochron not only depends on the plastochron, but also on the rate of leaf 
expansion, and as leaf expansion is severely reduced under a low P supply, it might be 
expected that P will affect leaf emergence more than the final number of leaves per 
stem. 

Leaf and tiller synchrony: In winter cereals, tillering and tiller survival not only are 
important in determining plants leaf area, they also establish the final number of ears 
per plant (Ishag and Taha, 1974). 

The timing of leaf and tiller emergence are closely related (Davies and Thomas, 
1983). However, the mechanism underlying such a synchrony is not completely 
understood (Skinner and Nelson, 1994; Skinner and Nelson, 1995). Tiller emergence 
may be expressed in terms of phyllochrons. Depending on the species or cultivar 
(Rickman and Klepper, 1995), after the first tiller has emerged, every new tiller will 
appear approximately at intervals of two to three phyllochrons (Rickman et al. 1983). 

Under field conditions the number of tillers per unit of ground area is severely 
reduced by nutritional disorders (Fletcher and Dale, 1974). Nutrient limitation could 
slow and/or inhibit the emergence of tillers either by slowing down the rate of leaf 
emergence (larger phyllochron), and/or by changing the synchrony. Longnecker et al. 
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(1993), observed that low nitrogen supply increased the value of the phyllochron, 
while having little effect on the synchrony. Despite changes in the rate of leaf 
emergence, and/or in the leaf-tiller synchrony might account for a delay on the 
emergence of tillers, they are not able to explain the reductions in the number of tillers 
per unit of area generally observed under P-deficient conditions. 

Effects ofP on photosynthesis 
Phosphorus shortage decreases the maximum rate of both C02 and light-saturated 
photosynthetic rates, and the carboxylation efficiency for C02 assimilation (Terry and 
Rao, 1991; Lauer et al., 1989; Brooks, 1986). These authors also showed that in P-
deficient plants both the photosynthetic rate and the stomatal conductance decreased, 
but the former was more affected than the latter, resulting in an increase in the internal 
C02 concentration. This suggests that mesophyll factors would be more sensitive to P 
than stomatal factors, and that water use efficiency would decrease with severe P-
deficiency. This was also observed by Lauer et al. (1989) under extreme P deficiency 
conditions. In these experiments, low-P plants were generally grown under extremely 
low-P availability, so that their growth is generally reduced by 80-90% relative to the 
control plants. However, no effects of P limitation on photosynthesis were found when 
plants were grown in the field (Colomb et al., 1995), or in pots under mild-P stress 
conditions (Rodriguez et al., 1994). Under those conditions plant growth was more 
related to leaf area expansion and assimilate partitioning than to photosynthesis rate 
per unit of leaf area. 

The rate of net photosynthesis is usually measured in the last expanded leaf. 
However, it is well-known that nutrient concentrations of leaves vary widely within the 
plant. For mobile nutrients such as P and N, concentrations are higher in the youngest 
leaves. Therefore, measurements of the photosynthesis rate on young leaves will not be 
appropriate to assess the effects of low P on the assimilate production at a whole-plant 
level (Lawlor, 1993; Rodriguez et al., 1994). P concentrations, and particularly under 
P-deficient conditions, can be expected to be lower in the older leaves having 
important consequences for photosynthesis and canopy assimilation. 

Why wheat and sunflower? 
Various reasons make wheat and sunflower two interesting crops to be included in this 
study. First of all, these crops are the most important ones grown in rotation, on 
originally low-P soils (about 1.700.000 ha), in the south-east and south-west of the 
Province of Buenos Aires (Argentina). Soils in this region are Mollisols in which soil 
organic matter content varies from 1 to 7% with annual precipitation, varying between 
500 to 900 mm from the west to the east (Atlantic coast). Important differences 
between these two species are not only found with respect to their leaf and root 
morphology (Osaky et al., 1994), but also with respect to the photosynthetic 
characteristics of their leaves (Connor and Sadras, 1992). 

The general objective of this thesis is to improve, and further develop our capability 
for understanding and simulating wheat and sunflower growth for conditions of low 
phosphorus availability. In this thesis, special focus was made on quantifying the 
effects of P on: 
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• Leaf initiation, leaf emergence and tillering; 
• Individual leaf expansion; 
• Assimilate production at leaf and canopy levels. 

In this work, the following scientific questions were investigated: Which mechanisms 
at plant and crop levels should be invoked to explain the effects of a shortfall in the 
supply of P on the growth of wheat and sunflower plants?; Is it possible to separately 
quantify direct effects of P deficiency on leaf area expansion and those on the rate of 
assimilate production per leaf area?; Is the extent of these effects similar in wheat and 
sunflower?; Why is leaf emergence usually delayed under P-deficient conditions?; 
What is the nature of the resources limiting tillering in a low P environment?. 
Specific objectives were: 
• To describe the effects of P on the photosynthetic characteristics of wheat and 

sunflower leaves. 
• To describe the effects of P on the expansion characteristics of wheat and 

sunflower leaves. 
• To quantify the importance of assimilate production on the individual leaf 

expansion of wheat and sunflower plants grown under low P conditions. 
• To describe the effects of P on the generation of the leaf area, i.e. leaf initiation, 

leaf emergence and tillering. 

Outline of the thesis 
The experimental results in this thesis were obtained from experiments conducted at: 
Facultad de Agronomia Universidad de Buenos Aires Argentina (FAUBA), Instituto 
Nacional de Tecnologia Agropecuaria, Estación Experimental Regional Balcarce 
Argentina (INTA-Balcarce), and at the Wageningen Agricultural University (WAU). 

Chapters 2 and 3 focus on the question whether P deficiency limits leaf area 
expansion by directly inhibiting individual leaf expansion or whether the availability of 
assimilates for growth was also impaired at low P. These two chapters combine 
experimental data and results of simulation models developed to better understand the 
processes experimentally studied. Data in Chapter 2 were obtained from two 
experiments using the same hybrid of sunflower. A first experiment was conducted at 
Facultad de Agronomia, Universidad de Buenos Aires (FAUBA) during 1995, and a 
second one at the Wageningen Agricultural University (WAU) using the installations 
of Research Institute for Agrobiology and Soil Fertility (AB-DLO) Wageningen, 
during 1996. Chapter 3 deals with the same question in wheat. The experimental data 
in Chapter 3 were obtained during the experimental period at WAU, during 1996. 
Chapter 4 goes in more detail trying to understand the effects of P deficiency on leaf 
emergence and tillering in wheat. Data for Chapter 4 were obtained from two 
simultaneous experiments that were done at FAUBA in 1995. Chapter 5 describes 
results from a field study in which wheat was grown under different levels of P and 
assimilate supply, by varying the levels of P fertilization and incident radiation. The 
experiment in Chapter 5 was done at INTA-Balcarce during 1997. In chapter 6 a 
comparative study described the effects of P deficiency in the two crops taken as case 
study. Data for Chapter 6 were taken from the two experiments done at WAU in 1996. 
Finally Chapter 7 presents a general discussion of the main results obtained in these 



General Introduction 

experiments in the context of our present understanding of the processes involved in 
crops grown under P-deficient conditions. The FST source code, of the simulation 
models of Chapters 2, 3, and 5, are listed in the Appendix. 



Chapter 2 

Leaf area expansion and assimilate production in 
sunflower {Helianthus annuus L.) growing under low 
phosphorus conditions 

Abstract Reductions in leaf area and plant growth as a consequence of phosphorus (P) 
limitations have been attributed both to direct effects of P shortage on leaf expansion rate and 
to a reduced production of assimilates required for growth. Canopy assimilation and leaf area 
expansion are closely interrelated processes. In this work, experimental and simulation 
techniques were used to identify and study their importance in determining leaf area on 
sunflower {Helianthus annuus L.) growing under P-deficient conditions. Experiment 1 was 
done outdoors, in Buenos Aires, Argentina, and Experiment 2 in a glasshouse in Wageningen, 
The Netherlands. In both experiments, the effects of soil P addition on leaf emergence, leaf 
expansion, dry matter accumulation, and leaf photosynthesis of non water stressed plants 
grown in pots containing a P-deficient soil were studied. Before sowing the equivalent 
amounts of 0 to 600 kg of super phosphate ha'1 were added to the pots. Phosphorus deficiency 
delayed leaf emergence increasing the value of the phyllochron (PHY) by up to 76%, and the 
rate of leaf area expansion during the quasi-lineax phase of leaf expansion (LER) was reduced 
by up to 74%, with respect to high-P plants. Phosphorus deficiency reduced the rate of light 
saturated photosynthesis per leaf area (AMAX) in recently expanded leaves by up to 50%, 
while at low levels of leaf insertion in the canopy AMAX was reduced by up to 85%, with 
respect to high P plants. The values of LER were related (r=0.56, PO.05) to the mean 
concentration of P in all the leaves (Leaves P%) and not to the concentration of P at the 
individual leaf where LER was determined (r=0.22, P<0.4) suggesting that under P deficiency 
individual leaf expansion was not likely to be regulated by the total P concentration at leaf 
level. The values AMAX showed an hyperbolic relationship with Leaf P% (R2=0.73, PO.01, 
n=53) that saturated with values of Leaf P % higher than 0.22. A morphogenetic model of leaf 
area development and growth was developed to quantify the effect of assimilate supply at 
canopy level on total leaf area expansion. With such a model, the existence of direct effects of 
P deficiency on individual leaf area expansion were identified. However, it was calculated that 
under mild P stress conditions up to a 83% of the reduction in the observed leaf area was 
explained by the particular effects of P: on the rate of leaf emergence, on the duration of the 
linear period of leaf expansion, and on the value of AMAX. It was also calculated that the 
effects of P deficiency on the value of AMAX alone, explained up to a 41% of the observed 
reductions in total leaf area between the highest and intermediate P level at Exp. 2. Possible 
mechanisms of action of the direct effects of P on individual leaf expansion are discussed in 
this work. 

Abbreviations: AMAX - Photosynthesis rate per unit of leaf area at high radiation, DAE - days 
after emergence, LDUR - duration of leaf expansion, Leaf P% - individual leaf P concentration, 
Leaves P% - averaged P concentration in all the plant leaves, LER - leaf expansion rate during 
the linear expansion phase, PHY - phyllochron, RLER - relative leaf expansion rate, SLA -
specific leaf area considering all plant leaves 
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Introduction 

Phosphorus is the main environmental factor controlling crop growth and yield in 
many regions of the world (Constant and Sheldrick, 1991). Phosphorus deficiency 
reduces plant growth by reducing leaf emergence (Cromer et al., 1993; Rodriguez et 
al., 1994), leaf expansion (Cromer et al., 1993; ) and the light-saturated rate of 
photosynthesis per unit leaf area (Rao and Terry, 1989; Jacob and Lawlor, 1991; 
Kirschbaum and Tompkins, 1990). When phosphorus availability to the plant is 
limited, growth is generally more reduced than the photosynthesis rate per unit leaf 
area (Terry and Rao, 1991). This would suggest that under P-limiting conditions, the 
availability of assimilates, at least at the leaf level, might not be the main factor 
responsible for reductions in leaf area and plant growth. Direct effects of P supply on 
leaf expansion have also been postulated. Radin and Eidenbock (1984) observed that P 
deficiency decreased the hydraulic conductance of cotton roots, and suggested that this 
would lead to reduced cell turgor and inhibited leaf area expansion. Alternatively, 
Fredeen et al. (1989) suggested that reduced leaf expansion under conditions of P 
deficiency might be related to a specific effect of phosphate on the expansion of 
epidermal cells. 

The final area of each individual leaf of a plant is the integral of the leaf expansion 
rate over the duration of expansion. Under conditions of P deficiency, reduction in leaf 
area in seedling trees of gamelia, was primarily mediated through limitations of the 
rate, while the duration of leaf expansion changed little (Cromer et al., 1993). Similar 
results were observed in sunflower growing under low nitrogen conditions (Trapani 
and Hall, 1996). 

During the period of quasi-linear increase in leaf area, the rapid expansion of cells is 
mainly driven by the accumulation of water in the vacuoles, the synthesis of 
osmotically active compounds, and constituents of cell walls, membranes and 
organelles. Particularly during the initial phase of leaf unfolding, most of the required 
substrate for leaf growth is imported into the newly developing leaves from expanded 
leaves (Kriedemann, 1986). Lack of assimilates reduced the number of cells per leaf, 
and consequently the potential leaf area in beans (Dale, 1976), barley (Gallagher, 
1985) and sunflower (Takami et al., 1982). Consequently, in addition to any direct 
effect of P on leaf expansion, its deficiency will also limit leaf area expansion through 
an inadequate supply of substrate for structural components of the developing leaves. 

The most important constraint to the development of comprehensive simulation 
models that predict plant growth under conditions of P limitation has been to identify 
and to quantify the processes affected. Particularly, little is known about the relative 
effect of a lack of assimilates due to the impairment of photosynthesis under P 
limitation, and the direct effect of P shortage on leaf expansion. The aim of this work 
was (i) to describe the effects of P shortage on leaf area expansion of sunflower plants, 
and (ii) to determine the proportion of the observed reduction in leaf area that can be 
explained by a limited availability of assimilates, and/or by direct effects of P 
deficiency on the characteristics of leaf expansion of sunflower plants. 
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Material and methods 

Two experiments were carried out with sunflower (Helianthus annuus L.) using the 
commercial hybrid Paraiso 5 of Nidera S.A. Experiment 1 was conducted in Buenos 
Aires, Argentina, while Experiment 2 was carried out in Wageningen, The 
Netherlands. In both experiments, the effects of plant P nutrition on leaf emergence, 
leaf growth, and leaf photosynthesis were determined. A simulation model was 
developed to simulate the results and to study the importance of different processes 
affected by P deficiency on leaf area expansion and dry matter production. 

Experiment 1 
Cultural techniques and growth conditions 
Seeds of sunflower were sown on 14.12.95 and grown outdoors in pots at the Facultad 
de Agronomia, Universidad de Buenos Aires, Argentina (34°35' S, 58°29' W). Plants 
were grown in 100 L containers (0.58 m diameter and 0.40 m deep), filled with a (1:1; 
v/v) mixture of a sandy soil containing 17 mg P kg"1 (Bray and Kurtz, 1945) and 
washed sand containing a negligible amount of P. Temperature and radiation data 
during the experiment were obtained from a meteorological station located at the 
experimental site. 

Treatments and experimental set-up: Equivalents of 0 (PI), 15 (P2), 30 (P3), 90 (P4), 
150 (P5) and 600 (P6) kg of super phosphate ha"1 were thoroughly mixed with soil 
within the upper 10 cm of each container before sowing. In addition to the P 
fertilization, all pots received the equivalent of 600 kg N ha'1 (as urea) split in two 
applications, half at sowing and half when the plants had three expanded leaves. All 
containers were watered daily. Other macro and micro elements were applied once at 
sowing. Treatments were randomized within each of three blocks. Containers were 
arranged 1 m apart from each other. Within each container three plants were grown 
individually at 0.3 m distance. 

Determinations and measurements: Emergence of new leaves (leaf area > 2 cm2) was 
recorded every two days. The phyllochron (PHY) for each treatment was calculated 
from the relationship between cumulative number of leaves (> 2cm2) and cumulated 
thermal time using a base temperature of 4°C (Connor and Sadras, 1992). Leaves were 
numbered upwards from 1, oldest, to the last appeared leaf, youngest. Width (w, cm) of 
two leaves per plant, leaves 5-6, 11-12 and 19-20, were recorded daily and the 
corresponding individual leaf areas (A, cm2) were calculated by using the relationship 
given by Pereyra et al. (1982). 

A = 0.80 +0.69 « w 2 i fw<21cm (2.1a) 

A = 4.297 • w + 0.565 • w 2 - 15 if w > 21cm (2.1b) 

When the leaves reached 90-100% of their final area, i.e. 17 days after emergence 
(DAE) for leaves 5-6, 37 DAE for leaves 11-12, and 56 DAE for leaves 19-20, the 
light-saturated photosynthetic rate (AMAX) in those leaves were measured. The rate of 
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photosynthesis at light saturation (1900-2000 umol m"2 s"1 PAR) was measured, using a 
portable photosynthetic system Licor 6200 (Li-Cor, Nebraska, USA). Subsequently, 
the shoot part of the plants was harvested. At each harvest, the pair of leaves where 
AMAX was measured was separated for P analysis, while the remaining tissue was 
divided into stems plus petioles, leaves and heads. Then, leaf area and dry matter were 
determined. 

The leaf expansion rate during the quasi-lmear expansion phase (LER) was 
calculated by linear regression from plots presenting leaf area versus days after leaf 
emergence (> 2cm2). Total-P concentration in the leaves was determined by the 
colorimetric molybdenum-blue method after wet digestion in a H2S04-Se-salicylic acid 
mixture with addition of H202. 

Experiment 2 
Cultural techniques and conditions 
Plants of sunflower were grown in pots with natural radiation in a glasshouse in 
Wageningen, The Netherlands (51° 58' N, 5° 40' E). The 7.5 L pots (0.19 m diameter 
and 0.27 m deep) were filled with a sandy soil containing 3 mg P kg'1 (Bray and Kurtz, 
1945). The centres of the pots were 0.33 m apart on the same line and 0.5 m apart 
between lines, simulating a canopy of a plant density of 6 plants m"2. Test plants were 
surrounded by plants of the same treatment as a border. Three seeds were sown per pot 
on 29 May 1996 and thinned to one at the two-leaf stage. Plants were watered twice or 
three times a week to maintain an adequate soil moisture level in the soil throughout 
the experimental period. Daily maximum and minimum temperatures were measured 
inside the glasshouse, and radiation data were obtained from a meteorological station 
located 200 m from the experimental site. 

Treatments and experimental set-up: Three levels of P, equivalent to 15 (PI), 60 (P2), 
and 300 (P3) kg ha"1, were applied as super-phosphate (ground in mortar). With the two 
lowest levels, P was incorporated at once into each pot before sowing as in Exp. 1. The 
highest doses (P3) was split, half applied and incorporated before sowing and half 
applied on the soil surface at the 5 leaf stage. All pots received a dressing of macro and 
micronutrients at the time of sowing. The equivalent of 400 kg N ha"1 (as NH4N03) 
was distributed during the development of the plants. Treatments were randomized 
within each of the three blocks. 

Determinations and measurements: During the growing period, leaf emergence was 
recorded at two-day intervals, and the leaf area and LER of individual leaves was 
determined as in Exp.l. Leaf expansion rate was monitored with leaves 7, 8, 11, 12, 15 
and 16. As in Exp. 1, AMAX was determined when each of those leaves reached their 
maximum size, then the plants were harvested immediately for dry matter and leaf-P 
analysis. At each harvest, the leaf area of each individual leaf was determined using a 
LI-3100 area meter (Li-Cor, Nebraska, USA). Additionally leaf photosynthesis and 
leaf P content were determined in those leaf insertion numbers where LER and AMAX 
had been measured in previous harvests, i.e. AMAX and leaf P were measured in 
leaves 7 and 8 at harvest 1, leaves 7, 8, 11 and 12 at harvest 2, and leaves 7, 8, 11, 12, 
15 and 16 at harvest 3. AMAX was determined using a portable photosynthesis system 
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LCA-2 System ADC (Analytical Development Co. Ltd.) in combination with a lamp 
(Philips Projection Lamp 6853, 75 W) installed over the leaf chamber resulting in a 
PARof2000umolm"2s"1. 

In this experiment, LER and duration of leaf expansion were calculated using an 
optimization model (eq. 2.2) that fitted the experimental data iteratively by means of 
curve-fitting software (Jandel Scientific, Erkrath, Germany), 

y = a + b * x if x<c (2.2a) 

y = a + b • c i f x>c (2.2b) 

where y is total leaf area [cm2], a the y-axis intercept, b the value of LER [cm2 d"1], x is 
the time since leaf emergence [d], and c the time when leaf expansion stopped [d]. The 
duration of the quasi-linear leaf expansion (LDUR, d), was calculated as: 

LDUR = c + (a/b) (2.3) 

Leaves 7-8 were separately harvested at 46 DAE in all treatments and also at harvests 
2 and 3. Due to observed differences in leaf emergence and the time the leaves reached 
final size among the P treatments, leaves 11-12 had to be harvested at 60 DAE in PI, 
and at 53 DAE in P2 and P3, and leaves 15-16, at 66 DAE in PI and at 60 DAE in P2 
and P3. Dried plant material was wet digested in a H2S04 / salicylic acid / H202 / 
selenium mixture concentrations of total N and P were colorimetrically measured in 
the digests using an automated continuous-flow system. 

Differences among values of PHY and final leaf number were tested by the Tuckey 
test (P=0.05) after ANOVA. Treatment effects on LER were tested by ANOVA using 
Sigma Stat (Jandel Scientific, Erkrath, Germany). 

Simulation model 
The model calculates actual leaf area expansion by comparing the potential plant leaf 
expansion rate (cm2 plant"1 d"1) with the actual availability of assimilates for leaf dry 
weight growth. The potential plant leaf expansion rate is calculated morphogenetically 
as the sum of the expansion rates of individual leaves that are expanding at any time 
(LER, cm2 leaf1 d"1). The model identifies three groups of leaves: (i) leaves being in 
the lag phase of expansion, (ii) leaves that are expanding rapidly (quasi-linear phase), 
and (iii) fully expanded leaves. After emergence leaves expand slowly (2 cm2 day"1) 
during the lag phase that lasts for 100 degree days (dd), then a rapid quasi-linear 
expansion starts. During this last period LER is calculated as a function of the potential 
for expansion of every leaf at optimum temperatures (24°C) according to leaf position, 
and the mean daily air temperature (Villalobos et al., 1996). 

Maximum and minimum values of specific leaf area for the newly expanding leaves 
(SLA„i, m2 g"1) were tabulated to calculate the minimum and maximum leaf growth, 
respectively (Villalobos et al., 1996). Minimum values of SLAnl were taken from 
observed values of high P plants, and maximum values of SLAnl were considered to be 
30% higher, as observed at Exp. 2. 
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Assimilate production is calculated using the subroutines of the model SUCROS 
(Goudriaan and van Laar, 1994), modified to account for a gradient of AMAX within 
the canopy as a function of cumulative leaf area index (LAI). The cumulative leaf area 
was calculated by adding the areas of all the leaves downwards from the top of the 
canopy, at each harvest. In the model, P limitation is assumed to affect canopy 
assimilate production by affecting AMAX. The effects of P shortage on AMAX at 
different heights within the canopy were included in the model from observed AMAX 
as a function of the cumulative LAI from the top of the canopy. 

In the model, the apparent quantum yield (QY, |amol C02 m"2 s"1 (J m'2 s"1)"1), was 
assumed not to be affected by P, and was taken from Connor and Sadras (1992). 
Scattering coefficient varies with LAI as in Villalobos et al. (1996). Coefficients for 
maintenance respiration and effects of temperature on photosynthesis were taken from 
Horie (1977), coefficients for growth respiration were taken from Penning de Vries et 
al. (1989). Growth and maintenance respiration are assumed to be not affected by P-
deficiency. 

The model also calculates the intensity of incident radiation, and the proportion of 
incident radiation that is diffuse at different depths within the canopy. Canopy 
assimilation rate is calculated by accumulating the instantaneous assimilation rates 
over three layers and integrating the instantaneous rates over the day (Hammer and 
Wright, 1994), by using the three-point Gaussian method (Goudriaan, 1986). 
Partitioning coefficients and the fraction of leaves that are senescent were introduced 
as forcing functions from the observed data of each P treatment. The model was 
written using the programming environment denominated Fortran Simulation 
Translator 2.0 (Rappoldt and van Kraalingen, 1996), and has a daily time step of 
integration. Inputs include a function for the reduction of AMAX with cumulative LAI, 
PHY, LDUR, forcing functions for partitioning and senescent leaf area, daily 
maximum and minimum temperatures, daily total radiation and latitude. Some of the 
outputs of the simulation program are, plant leaf area (TLA, cm2 pi"1), plant dry weight 
(TDW, g pi"1), specific leaf area of the whole canopy (SLA, m2 g"1), and radiation-use-
efficiency (RUE, g MJ"1). 

Results 

Weather 
Figure 2.1 summarizes solar radiation and temperature during the periods of Exp. 1 
and Exp. 2. During Exp. 1 the mean daily temperature was 24.4 °C with an absolute 
maximum of 37 and minimum of 9 °C. Average daily total radiation was 21.6 MJ m"2 

d"1. In Exp. 2 the mean daily temperature in the glasshouse was 20.4°C with extreme 
temperatures of 38 and 6°C; the mean daily radiation outside the glasshouse was 18.2 
MJ m"2 d"1, with a measured transmission through the roof of 80%. The roof of the 
glasshouse did not change the quality of the light. 

12 



Leaf expansion in sunflower 

10 20 30 40 50 60 70 

(b) „ -

0 10 20 30 40 50 60 70 

Days after emergence [days] 

Figure 2.1 Daily mean temperature (a) and total daily radiation (b) during Exp. 1 (Argentina, 
outdoors), and Exp. 2 (The Netherlands, glasshouse). 

Plant growth 
In both experiments, the plants reached the stage of bud visible. Experiments 1 and 2 
differed mainly with respect to the degree of P shortage developed by the plants. In 
Exp.l, P deficiency was mild and differences among P treatments in plant shoot dry 
weight and total leaf area were statistically significant (P<5%) only between P6 and PI 
at the first harvest (Fig. 2.2a, c). In Exp. 2 differences among P treatments were 
significant at all three harvests (Fig. 2.2b, d). Therefore focus will be on the results 
from Exp. 2, and data from Exp.l will be introduced to give a broader range of results 
when required. 

At harvest 3 in Exp. 1, plant leaf area and shoot dry weight at the lowest level of P 
supply were, respectively, 9 and 13% lower than the control plants (P6). At harvest 3 
in Exp. 2, total leaf area and shoot dry weight of P2 plants were, respectively, 48 and 
58% less than the control plants (P3), and PI plants were 77 and 81% less than P3 
plants. In Exp. 2, plants reached LAI values of 1.5 at P3, 0.7 at P2, and 0.34 at PI. 
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Figure 2.2 Plant leaf area (a, b), and shoot dry weight (c, d) of treatments PI, P2 and P6 in 
Exp. l(a, c), and for treatments PI, P2 and P3 in Exp. 2 (b, d). Bars represent standard errors. 

Leaf area development 
In Exp. 1, the P treatments did not significantly affect the PHY after leaf 5 had 
appeared or the total number of leaves per plant (Table 2.1). In Exp. 2, PHY was 
significantly longer in conditions of P deficiency, and the number of leaves for P3 and 
P2 plants was higher than at PI. In Exp. 2, in PI PHY was 21% longer than in P2 
plants, and 76% longer than in control plants (P3). Furthermore, on average the first 
five leaves showed a longer PHY than did subsequent leaves, e.g. 44 and 50 degree-
days in Exp. 1 and Exp. 2, respectively. The longer of PHY for PI plants in Exp. 2 
delayed the time of harvest for that treatment. On average the final number of leaves 
per plant in Exp. 1 was 27, while in Exp. 2, the P2 and P3 treatments produced more 
leaves than did PI plants. 

Individual leaf expansion 
Area of individual leaves increased with time, and their final size was strongly affected 
by the P level, particularly in Exp. 2 (Fig. 2.3). Despite of differences in environmental 
and experimental conditions between the two experiments, the values of LER for 
corresponding leaves were relatively similar (Table 2.2). 
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Table 2.1 Value of the phyllochron after emergence of leaf five, and the total number of leaves 
per plant at the final harvest. Different letters within the same experiment indicate significant 
differences by a Tuckey test (PO.05) after ANOVA. 

Experiment 1 
PI P6 

Experiment 2 
PI P2 P3 

Phyllochron 
[degree days] 

Final number of leaves 

30.3 a 

24.0 a 

26.6 a 

29.0 a 

68.2 b 

21.0b 

47.0 a 

24.3 a 

38.6 a 

26.0 a 

(a) (C) 
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0 

Exp. 2 
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- • - L e a f 15, P3 
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Days after emergence [days] 

0 

80 

Figure 2 
standard 
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Days after emergence [days] 

.3 Areas of individual leaves in Exp. 1 (a) and Exp. 2 (b, c and d). Bars indicate 
errors. 

In both experiments, maximum LERs were observed for leaves 11 and 12. In Exp. 1, 
LER was significantly reduced by P limitation in leaves 5 and 6 (P<0.05), their values 
are presented as an average, (Table 2.2). In Exp. 2, differences in LER among P 
treatments were statistically significant for leaves 7 (PO.01), 8 (P<0.05), 11 (P<0.05), 
and 15 (P<0.01). In Exp. 2, the duration of the lag phase prior to the rapid linear 
growth phase lasted 5 days (c.v.=30%) and was not affected by the P treatments. 
However, P deficiency significantly decreased the duration of the quasi-linear leaf 
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expansion phase (LDUR) for leaves 11 and 12 (Table 2.2). In Exp. 1, LDUR was not 
calculated because the leaves were harvested before reaching 100% of their final size. 

Table 2.2 Leaf expansion rate (LER; cm2 d ') and duration of the ^wasZ-linear leaf expansion 
phase (LDUR; days), in sunflower growing at different levels of P supply. 

Exp.l 

PI 
P2 
P6 

s.e.m. 
Exp. 2 

PI 
P2 
P3 

s.e.m. 

Exp. 2 

PI 
P2 
P3 

s.e.m. 

Leaves 5-6 
3.4 
8.2 
9.8 
1.5 

Leaf 7 
2.9 
7.9 

11.2 
0.9 

Leaf expansion rate (LER; cm3 

Leaf 11 
19.0 
19.4 
16.4 
3.6 

Leaf 8 
3.2 
7.1 

10.1 
1.6 

Duration of the 

Leaf 7 
13.7 
12.4 
15.9 
1.9 

Leaf 8 
15.1 
11.1 
14.1 
2.7 

Leaf 12 
26.3 
26.9 
15.2 
5.7 

Leaf 11 
10.6 
15.9 
26.0 

1.8 

<7«as/-linear 

Leaf 11 
8.0 

11.0 
16.0 
1.2 

Leaf 19 
20.5 
20.2 
16.8 
5.2 

Leaf 12 
-

20.0 
24.8 
2.5 

expansion ph 

Leaf 12 
6.9 
8.1 

13.7 
0.8 

day') 

Leaf 20 
16.8 
20.2 
16.1 
5.1 

Leaf 15 
8.4 

23.4 
17.3 
0.2 

Leaf 16 
3.0 
9.4 
9.6 
3.1 

ase (LDUR; days) 

Leaf 15 
-
-
-
-

Leaf 16 
-
-
-
-

Leaf photosynthesis 
In Exp. 1, the values of AMAX were not affected by P treatments and were somewhat 
higher than those observed in high P plants of Exp. 2. In Exp. 2, the imposed P 
treatments strongly affected the photosynthetic activity of the leaves, particularly in 
those leaves low in the canopy (Fig. 2.4). Relative to the AMAX at the top of the 
canopy in P3 plants, AMAX at the top of the canopy was reduced by 10% in P2 plants, 
and by 50% in PI plants. Furthermore, AMAX decreased much faster from the top to 
the bottom leaves in P-deficient than in control plants (Fig. 2.4). At low levels of leaf 
insertion in the canopy the reduction in AMAX was 85% for P2 and 46% in PI plants, 
compared to corresponding leaves of P3 plants. Interestingly, the relationship between 
the relative leaf P concentrations and the relative values of AMAX followed a similar 
pattern for the three levels of P supply (Fig. 2.4). 

Phosphorus nutrition in relation to LER and AMAX 

Correlation analysis: The correlation analysis presented in Table 2.3 indicates a strong 
positive relationship between AMAX and the P status of individual leaves, both on a 
weight (Leaf P%), and on a leaf area basis (SLP, \xg P cm"2). LER was not related to 
the P concentration of the individual leaf (Leaf P%), but was to SLP (P<0.05) and the 
mean P concentration of all plant leaves (Leaves P%) (P<0.05). 
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Figure 2.4 Relative AMAX (solid lines) and Leaf P% (dotted lines) with respect to their 
values at the top of the canopy in P3 plants, versus the cumulative LAI from the top of the 
canopy for treatments PI, P2 and P3. Data from Exp. 2. 

The specific leaf area of the newly expanded leaves (SLAnl), was higher for plants with 
P deficiency and as a consequence this leaf characteristic was negatively related to the 
P status of the plant. AMAX of a given leaf was not related to values of SLA„, for the 
same leaf. 

The value of LER was associated with Leaves P%, but different leaf cohorts showed 
different responses to this variable (Fig. 2.5a). When the values of LER were plotted 
relative to the LER of P3 plants of each leaf cohort (RLER), a significant relationship 
was obtained with Leaves P%, (Fig. 2.5b, eq. 2.4). The data point for leaf 16 at 0.06%P 
in Figure 2.5b is difficult to explain and, given the position of surrounding points for 
all treatments it was chosen to ignore it when fitting the response curve of RLER to 
Leaves P%. 

RLER = 1 - {exp[- 24.8 ± 3.4(Leaves P% - 0.046 ± .003)]} 

R 2 = 0 . 9 4 * * , n = 13 

(2.4) 

From the fitted function RLER is zero when the threshold value of Leaves P% was 
0.046%P, and the critical Leaves P% for RLER, i.e. the Leaves P% where RLER is 
90% of the maximum, was 0.14%. 

Taking into account the data from Exp. 2, in recently expanded leaves, there was 
little variation in Leaf P% among P treatments, e.g. from 0.12 to 0.23% (Fig. 2.6a), 
while Leaves P% varied fourfold, e.g. from 0.05 to 0.2% (Fig. 2.5). In older and 
senescent leaves, leaves were AMAX was measured in previous harvests, Leaf P% 
varied among treatments with a factor of 2, e.g. from 0.075 to 0.15 % (Fig. 2.6a). 
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Combining the data from both experiments and including recently expanded and 
older leaves, AMAX showed an hyperbolic relationship with Leaf P% (Fig. 2.6a, and 
eq. 2.5). From the fitted function AMAX was zero when the threshold value of Leaf 
P% was 0.08%P, and the critical Leaf P% for AMAX, i.e. the Leaf P% where AMAX 
is 90% of the maximum, was 0.22%. 

AMAX = 37.3 ± 1.6{l - exp[-16.9 ± 3.6(Leaf P% - 0.08 ± 0.006)]} (2.5) 

R 2=0.73** ,n = 53 

Specific leaf nitrogen (SLN) in recently expanded and older leaves was between 0.17 
and 0.24 mg N cm"2. No relationship was observed between AMAX and SLN (Fig. 
2.6b). 

Modelling 
A simulation model was developed to simulate the results of Exp. 2, and to test 
whether leaf expansion was reduced by direct effects of P limitation, by a lack of 
assimilates required for leaf growth or both. In order to test the performance of the 
morphogenetic model the rate of plant leaf area expansion (cm2 plant"1 d"1) was 
calculated and daily integrated, by using the observed values of LER for the individual 
leaves as an input. When the observed LER was used as an input, the model described 
well the observed values of leaf area, particularly with P3 and P2 (dashed lines in Fig. 
2.7a). When the model calculated plant leaf area as a function of the potential leaf 
expansion rate and the supply of assimilates from photosynthesis, simulated results 
also agreed well with observed results at P3 and P2, but overestimated the values with 
PI. At P3 the model also explained well the production of total dry matter and its 
partitioning among the different plant organs (Fig. 2.7b). Furthermore, for both P3 and 
P2 treatments, the model satisfactorily described the observed specific leaf area at 
canopy level (SLA, m2 g"1) (Fig. 2.7c). With PI the simulation model overestimated 
the final leaf area by about a 60% (continuous lines in Fig. 2.7a). 

The simulation model was used to estimate the proportion of the reduction in total 
leaf area in treatment P2 at Exp. 2, that could be explained by a lack of assimilates and 
by direct effects of P limitation on leaf expansion. Table 2.4 presents the observed total 
leaf area at P3 and P2 (Exp. 2), and the simulated total leaf area in P2 plants calculated 
as a function of the effects of P deficiency on AMAX, PHY and LDUR (P2a), and as a 
function of the effects of P deficiency only on AMAX (P2b). 

Table 2.4 shows that the effects of P on AMAX explained 42% of the observed 
reduction in total leaf area between P3 and P2 plants, it was also calculated that direct 
effects of P deficiency on leaf area expansion explained a 17% of the observed 
reduction in total leaf area between P3 and P2 plants. 
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Table 2.3 Correlation coefficients between different plant characteristics 

LER1 

P 2 

n.3 

LDUR4 

P-
n. 

AMAX5 

P-
n. 

SLA,,,6 

P-
n. 

SLP7 

P-
n. 

LeafP% 
P-
n. 

Leaves P% 

0.56 
0.019 

17 

0.52 
0.078 

12 

0.3 
0.25 
17 

-0.63 
<0.01 

17 

0.5 
0.03 
17 

0.29 
0.25 
17 

LeafP% 

0.22 
0.4 
17 

0.16 
0.62 
11 

0.79 
<0.01 

30 

-0.71 
<0.01 

17 

0.5 
0.03 
17 

1 

SLP 

0.54 
0.025 

17 

0.24 
0.45 
12 

0.69 
<0.01 

30 

-0.76 
<0.01 

17 

1 

SLA„ 

-0.62 
<0.01 

17 

-0.13 
0.66 
12 

0.21 
0.41 
17 

1 

AMAX 

-0.177 
0.49 
17 

0.59 
0.04 
12 

1 

LDUR 

-0.02 
0.9 
11 

1 

'LER 
2 

= Leaf expansion rate during quasi-linear phase [cm2 leaf day ] 
p. = Level of significance 

3 n. = number of data points 
4 LDUR = Duration of the quasi-linear phase of leaf expansion [days] 
5 AMAX = Photosynthesis at high radiation [p.mol C02 m"2 s"'] 
6 SLA„| = Specific leaf area of recently expanded leaves. 
7 SLP = Specific leaf phosphorus in the leaves [p.g P cm'2] 

Sensitivity analysis 
An additional study of several model variables related to leaf area expansion and crop 
dry matter accumulation was performed through an analysis of sensitivity. The 
sensitivity of three output variables: total leaf area (TLA, cm2 plant"1), total dry weight 
(TDW, g plant"1), and specific leaf area (SLA) to +10% changes in the value of the 
parameters (i) AMAX at the top of the canopy, (ii) the apparent quantum yield (QY), 
(iii) the duration of the linear expansion phase (LDUR) and (iv) the phyllochron (PHY) 
was performed for treatments P3 and P2 (Table 2.5). A sensitivity coefficient was 
calculated as SC = (AV/V) / (Ap/p), where V and p are the output variables and 
parameters, respectively (Thornley and Johnson, 1990). Values of SC higher than 1 or 
lower than -1 indicate a high sensitivity, while a SC between 0.5 and -0.5, would 
indicate a low sensitivity of the variable to changes in a certain parameter. 
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Figure 2.5 Rate of leaf expansion (LER) (a), and relative rate of leaf expansion (b) with 
respect to values of LER of the same leaf cohort in P3 plants, during the quasi-linear phase for 
different leaves from Exp. 2, versus the value of Leaves P%. Bars in (a) indicate standard 

errors. 

Total dry weight was the most sensitive variable to changes in AMAX, EFF, and PHY, 
particularly for treatment P2. The total leaf area showed relatively more sensitivity to 
changes in AMAX and QY, while the SLA showed little sensitivity to changes in the 
model parameters. 
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Figure 2.6 Values of light-saturated photosynthesis rate per unit of area (AMAX) of different 
leaves in Exps. 1 and 2 as a function of Leaf P% (a), and (b) specific leaf nitrogen 
concentration in Exp. 2. 

Table 2.4 Observed total leaf area on treatments P3 and P2 at Exp. 2 and % of change in total 
leaf area between P3 and P2. Simulated total leaf area and percentage of the reduction in 
total leaf area of P2 plants explained by the models taking into account: the effects of P 
deficiency on AMAX, PHY and LDUR (P2a), and taking into account only the effects of P 
deficiency on AMAX (P2b). Estimated direct effects of P deficiency on leaf expansion. 

Observed total leaf area 

P3 P2 

2718.3 1407.2 

% Change 

-48 

P2a 

1611.2 
83% 

Simulated total leaf area 

P2b 

2169.5 
42% 

Direct effects 

17% 
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Discussion 

The effects of P limitation on the rate of leaf emergence and the final number of leaves 
are consistent with previous results using soybean (Fredeen et al., 1989), gamelia 
(Cromer et al., 1993), and wheat (Rodriguez et al., 1994). Differences in the final 
number of leaves between the two experiments were expected since the daylength was 
2 h shorter in Exp. 1 than in Exp. 2 (Marc and Palmer, 1981; Goyne and Hammer, 
1982; Sadras and Villalobos, 1993). 

The values of AMAX found in these experiments are consistent with those in other 
studies (English et al., 1979; Connor and Sadras, 1992; Diepenbrock and Pasda, 1995). 
The smaller values of AMAX obtained in Exp. 2 with respect to those in Exp. 1 (Fig. 
2.6a), were probably due to an acclimation of the plants to a lower radiation 
environment in Exp. 2 (Baker and Bowyer, 1994), and to different values of SLA 
(Chapin and Wardlow, 1988). 

Variations in leaf P and consequently in their photosynthetic characteristics were 
magnified by the effects of age and position (Fig. 2.4). The value of AMAX in recently 
expanded leaves was reduced by P limitation by 10-50%, while lower in the canopy 
reductions in AMAX ranged from 46-85%, always compared with leaves of P3 plants. 
The nitrogen concentration of recently expanded and older leaves did not vary much, 
and their light saturated assimilation was not related to their SLN (Fig. 2.6b). 
Furthermore, leaves of different position and age showed the same response to Leaf 
P%. Therefore, it was considered that an important cause of variation in AMAX 
among treatments, in recently expanded and older leaves, was the level of P nutrition 
of the plant. In this work it has been shown that AMAX and Leaf P% presented a 
linear decline with cumulative LAI, and that the decline was more important under P-
limiting conditions. 

In peanut grown under non-limiting nitrogen supply, Wright and Hammer (1994) 
found that the specific leaf nitrogen concentration (SLN) decreased 0.14 units per each 
unit of cumulative LAI, downwards from the top of the canopy. In vegetative canopies 
of sunflower, Sadras et al. (1993) found that the vertical gradient of SLN matched the 
profile of light distribution within the canopy, so that the actual nitrogen partitioning 
approached an optimal pattern for canopy photosynthesis. In this work, AMAX and 
Leaf P% decreased faster in plants having a smaller LAI, this and the fact that the crop 
did not reach full cover indicate that in this experiment light was not the main factor 
determining the actual partitioning of P within the canopy. 

The effects of P on AMAX are consistent with those observed by other authors 
(Table 2.6). When the data of both experiments were combined, AMAX presented a 
significant non-linear response to Leaf P% in the range of 0.08 to 0.38%. It is known 
that only 5-15% of leaf P is involved in leaf photosynthesis (Bieleski, 1973). 
Accordingly, total-P concentration as reported here would comprise both inorganic-P 
(largely vacuolar) plus a variety of different organic forms, of which only some are 
directly involved in C02 assimilation. Since P in the vacuole is not directly involved in 
photosynthetic reactions, increases in the internal P concentration above a certain 
threshold would not be expected to result in further increases in assimilation rate. 
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Table 2.5. Sensitivity coefficients for different calculated variables. 

Parameter 
Level of P 

AMAX1 

QY2 

LDUR3 

PHY24 

P3 
P2 

P3 
P2 

P3 
P2 

P3 
P2 

TLA5 

0.01 
0.59 

0.05 
0.46 

0.47 
0.31 

-0.61 
-0.57 

Sensitivity 

Positive change 

TDW6 

0.45 
0.94 

0.51 
0.80 

0.15 
0.14 

-0.48 
-0.86 

SLA7 

-0.34 
-0.15 

-0.20 
-0.16 

-0.02 
-0.09 

0.16 
-0.16 

coefficients 

Negative change 

TLA5 

0.03 
0.67 

0.09 
0.55 

0.60 
0.25 

-0.30 
0.05 

TDW6 

0.42 
0.87 

0.56 
0.75 

0.24 
0.12 

-0.52 
-0.40 

SLA7 

-0.48 
0 

-0.72 
0 

0.49 
-0.03 

-0.50 
0.22 

1 Light saturated photosynthesis (AMAX). The value of AMAX at the top of the canopy 
was 40 and 35 umol C02 m"2 s"1 for P3 and P2, respectively. 

2 Apparent quantum yield (QY). The value of QY was 0.06 umol C02 umol PAR"1, for 
both P3 and P2. 

3 Duration of the quasi-\me&r leaf expansion phase (LDUR). The value of LDUR was 
250 
and 200 dd for P3 and P2, respectively. The duration of the lag phase of leaf expansion 
after leaf appearance, was 100 dd for both P3 and P2. 

4 Value of the phylochron after leaf 5 appearance (PHY2). The value of PHY2 was 38 
and 47 dd for P3 and P2, respectively. 

5 Calculated total leaf area (TLA). 
6 Calculated total dry weight (TDW). 
7 Calculated specific leaf area for the whole canopy. 

Hyperbolic relationships between AMAX and Leaf P% and the critical value of Leaf 
P% (0.22%) for AMAX, agrees well with the results obtained from field experiments 
with sunflower (Spencer and Chan, 1981), and with those reported for other species 
(Cromer et al., 1993; Kirschbaum and Tomkins, 1990). 

In Exp. 2, P deficiency, though not always statistically significant, reduced the 
duration of the quasi-linear leaf expansion phase by 33%, compared with treatment P3. 
LDUR was significantly (P<0.05) and positively related to the value of AMAX (Table 
2.3). Consequently changes in LDUR under P deficiency, might be related to the 
capacity of the plant to produce assimilates for the newly developing leaves. 
Kriedemann (1986) stated that a limited supply of photo-assimilates constitutes a 
stronger restriction of division than enlargement of primordial leaf cells in sunflower. 
Therefore, it is most probable that leaves having fewer cells will achieve their final 
size sooner than leaves with a higher number of cells. 
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