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Introduction

Growth analysis is a conceptual framework for resolving the
nature of genotype X environment interactions on plant growth
and development. In natural environments, growth and devel-
opment cycles have to be completed within a time frame dic-
tated by environmental conditions where light, moisture and
nutrients often limit expression of genetic potential. Adaptive
features that counter such constraints and help sustain relative
growth rate can be revealed via growth analysis under con-
trasting conditions.

In managed environments, crop plants commonly experi-
ence similar restrictions, but in addition their economic yield
is often only a small portion of total biomass at harvest and
subject to internal (gemedc) concrol. Whole-plant growth
analysis is therefore of interest to those concerned with deter-
minants of yield from crop plants growing singly or as com-
mumniges.

Accordingly, in their quest for improved genotypes crop
scientists often need to explore plant growth and reproductive
development in quantitadve terms. Sources of variation in
productivity can then be resolved into those processes respon-
sible for converting external resources into biomnass and those
responsible for partitioning biomass into usable sinks such as
cereal ears or pumpkins. Both aspects are addressed here.

6.1 Concepts and techniques

Growth models developed from populations of single cells can
be extended mathematically to cover complex multicellular
organisms where whole-plant growth 1s expressed in terms of
leaf area and nutrient resources. Such growth indices are not
intrinsic properties of plants, but rather mathematical constructs
with functional significance, These concepts can be traced to
the early 1900s and have proved increasingly useful for stud-
ies of growth and developmental responses in natural and man-
aged environments.

6.1.1 Cell populations

A gmall population of unicellular organisms presented with
abundant resources and ample space will increase exponential-
ly (Figure 6.1a). Population doubling time T {(hours or days)
is a function of an inherent capacity for cell division and
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Figure 6.1 A populadon of cells icted by space or subatrate supply

will grow exponentially. In this Iypothetical case, s fast-growing strain of a
single-celled organism with a doubling time of 1 d (relative growth rate
(RGR) of 0,6932 41 sar on day 0 with a population of n cells which
Increases to 128.n by day 7. The slow-growing sirain with a douhling time of
2 d (RGR = 0.3466 d7') takes twice as long to reach that same size. When
data finr cell numbers are In-t formed, exp 1 curves {a) become
straight lines (b) where dope = RGR

enlargemnent which is expressed according to environmental
conditions, and in Figure 6.1(a} doubling times for these two
populations are 1 and 2 d for fast and slow strains respectively.

Exponendal curves such as those in Figure 6.1{a) can be
expressed as

N(f) = Ny e" (6.1}

where N{f is the number of cells present at dme ¢, N, 1s
the population at dme 0, r determines the rate at which the
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population grows, and ¢ (or Euler’s number) is a transcenden-
tal number where ¢ = 2.7182 and is also the base of natural
logarithms. By derivatien from Equation 6.1

= LdNG 6.2)
N df

and accordingly is called relative growth rate with units of
1/ame. Doubling ime can be shown to be Ty=(n 2)/r.

If a population or an organism has a constant relatve
growth rate then doubling time is also constant, and chat pop-
ulation must be growing at an exponential mate given by
Equation 6.1. The ‘fast’ strain in Figure 6.1{a) is doubling
every day whereas the ‘slow’ strain doubles every 2 d, thus 7 is
0.6932 d™! and 0.3466 d7\, respectively.

1f cell growth dam in Figure 6.1(a) are converted to natur-
al logarithms (i.e. In transformedy}, two straight lines with con-
trasting slopes will result {Figure 6.1b). This application of In
transformation is a crucial concept in growth analysis, provid-
ing a basis for calculation of growth indices discussed later. For
strict exponential growth where N{) is given by Equaton
6.1, it follows that

InN@ =InN, + 1t (6.3)

so that a plot of In N{#) as a function of time ¢ is a straight line
whose slope is relative growth rate r.

In practice, r is inferred by assessing cell numbers N, and
N, on two occasions #; and ¢, (separated by hours or days
depending on doubling time — most commonly days in plant
cell cultures), and substituting those values into the expression

_ InN,~InN;

r b1, (6.4
which expresses r in terms of population numbers N; and N,
at times f; and t,, respectively.

If relative growth rate ris not constant, then growth is not
exponential but the concept of relative growth rate is still use-
ful for atalysis of growth dynamics in populations or organ-
isms. Equation 6.3 is then used to compute average relanve
growth rte between dmes 4 and 1, even though population
growth might not follow Equation 6.1 in strict terms. In that
case plots analogous to Figure 6.1(b) will not be straight lines.

6.1.2 Plant biomass

Apart from some specialised applications in leaf expansion,
organ enlargement or fn vitro culture of cell suspensions, cell
number is an impractical measure of growth in whole plants.
Instead, fresh or oven-dried biomass () is generally taken as
a surrogate for carbon gain and referenced to the number of
days elapsed berween successive observations. At any instant,
relative growth rate, RGR {d™") can be expressed in terms of

differential calculus as RGR = (1/W)(dW/dd (compare
Equation 6.2.) so that RGR is increment in dry mass (dW¥)
per increment in dme {df) divided by existing biomass {I¥).
Averaged over a time interval 4 to f, during which time bio-
mass increases from W, to W, RGR (d™) can be calculated
from

In W,—1In W,
RGR = mA.mm (6.5)

fa—t
RGR. at any instant can ako be expressed in terms of dif-
ferentdal calculus as RGR = {1/W) dW/dt. This equation
states that RGR is increment in dry mass (d#) per increment
in tme (df) divided by existing biomass (W),

Net gain in biomass (W) is clearly an outcome of CO,
assimilation by leaves minus respiratory loss by the entire
plant. Leaf area can therefore be viewed as a driving variable,
and biomass increment (dW) per unit dme (dr) can then be
divided by leaf area {(A) to yield the net assimilation rate,
NAR (g m= d™), where

NAR = — <2 (6.6)

Averaged over a short dme interval (! to ¢, days) and provid-
ed whole-plant biomass and leaf area are linearly related {see
Radford 1967 and literature cited},

W,- W, )( In 4y ~In 4, )
Ay~ Ay

NAR = ( (6.7)

h—h
NAR thus represents a plant’s net photosynthetic effectiveness
in capturing light, assimilating CO, and storing photoassimilate.
Variation in NAR can derive from differences in canopy
architecture and light interception, photosynthetic activity of
leaves, respiration, transport of photoassimnilate and storage
capacity of sinks, or even the chemical nature of stored products.
Since leaf area is a driving variable for whole-plant growth,
the propertion of plant biomass invested in leaf area or
‘leafiness’ will have an important bearing on RGR,, and can be
conveniendy defined as leaf area mtio, LAR. (m? g™"), where
A
LAR = W (6.8}
At any instant, or in practice at any harvest, LAR can be taken
as A/W and can be factored into two components, namely’
specific leaf area (SLA) and leaf weight mtio (LWR). SLA is
simply a ‘ratio’ of leaf area (A) to leal mass (W) (dimensions
m? g™ and LTWR is a true ratio of leaf mass {#]) to total plant
mass (W) {dimensiouless). Thus,

4 w
LAR = ——L .
WwLw (6.9

= SLA X LWR

Alternatively, and as commeonly employed for growth analysis,
average LAR. over the growth interval ¢ to #, is simply
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LAR = '2—(—”71 + A 6.19)

Expressed this way, LAR. becomes a more meaningful growth
index than A/ W (Equation 6.8} and can help resolve sources
of variation in RGR.. If both A and W are increasing expo-
nendally so that ¥ is proportionl to A, it follows that

1dw _ 14w _ 4
1daw 14w 4 6.11
W Aad W ©6.11)

or summarised in terms of now familiar growth indices,
RGR =NAR X LAR (6.12)
or more explicitly,
RGR = NAR x LWR. x SLA. (6.13)

In practice, such ideal conditions are only rarely met, and
these multplier-product relationships must be applied with
caution (see especially Williams 1946 and Radford 1967},
Nevertheless, where valid application is possible, sources of
vartation in RGR can be partitioned between NAR, LWR
and SLA, or simply berween NAR and LAR.. Such outcomes
provide particularly useful insights on driving variables in
process physiclogy and ecology.

Basic concepts of classic plant growth analysis as described
above apply to individuals, and ideall, those growth indices
would be derived from non-destructive assay. Experimentally,
a populaton of fast-growing (small) plants is sampled at frequent
intervals, and sarnple means are chen taken as representative of
the population. Relatively few harvests (commonly weekly)
but relatively large numbers of replicates (commouly six to
eight plants) are employed. Harvested plants are subdivided
into coruponent parts while sull fresh, leaf area is measured,
and all biomass subsequently oven dried for dry mass deter-
mination. An error estimate for RGR can be calculated by
pairing plants across harvests, that is, taking the largest plant at
t; and the largest at #, and calculaing RGR, then the next-
largest pair and so on. Mean RGR and variance are then
derived (see Poorter (1989) for more discussion on pairing,
and Poorter and Lewis (1996} for more on sampling methods).

Functional growth analysis

Classic plant growth analysis continues to find application in
resolving sources of variation in RGR. but suffers from statisu-
cal deficiencies and strict prerequisities for valid application of
the formnlae discussed above. Functional growth analysis was
developed during the 1960s to overcome these limitations and
was made feasible with the advent of computer-based data
analysis at about that time. In this technique (see Hunt 1982)
curves generated by mathematical functions are fitted to boch
A and W {either original values or In-transformed data). RGR.
at any particular point in time is then calculated as the slope
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of In W versus dme. Other indices can be calculated once an
adequate relationship between In A and tme is established. In
effect, an adequate relationship berween In Wand In A versus
time allows calculation of instantanecus values for RGR,
NAR. and LAR. As mentioned above, the slope of In W ver-
sus tdme yields RGR, and at that same instant A can be
derived from the In A versus dme relationship, allowing LAR
{A/W) to be calculated. With RGR already derived, NAR is
then RGR/LAR.

Functional growth analysis enables experimenters to follow
a time-course in growth indices and to derive instantaneous
values. In practical terms, large harvests at weekly intervals are
no longer needed. Instead, smaller harvests of two to four
plants every 3—4 d are sufficient. However, data analysis rernains
critical, and especially important is choice of a mathemarical
function with biologically meaningful parameters that best fits
In-transformed values (see Hunt 1978, 1982 for further details).

Growth indices in sutnmary

Whole-plant growth is amenable to analysis via either classic
or functional methods. In eicher.case, five key indices are
commeonly derived as an aid to understanding growth respons-
es, Mathemadcal and functional definitions of those terms are

" summarised below.

Functional
definition
Rate of mass
increase per

Growth index Mathematical Units
definition

Relative growth 1/Wdw/dt  d!

rate RGR
unit mass
present
{efficiency of
growth with
respect to
mass)

gm2 d? Rate of mass
increase per
unit leaf area
(efficiency of
leaves in
generadng
biomass)

Leaf area radio ~ A/W cm? g ‘Ratio’ of jeaf

LAR area to total

plant mass (2

Net assimilation 174 dW/dr
rate NAR

measure of
‘leafiness’ or
of photo
synthetic
surface
relaave to
respiratory
mass}
continued

&=
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Functional
definition
‘Ratio’ of leaf’
area to leaf
mass {a
measure of
relative
thickness,
density or
spread of
leaves)
Ratio of leaf
mass to total
plant mass (a
measure of
biomass
allocation to
[eaves)

Growth index Mathematical Units
definifon

A/W, 2 g

Specific leaf cm’ g

area SLA

Leaf weight W/ W

ratio LWR.

LAR and SLA both carry dimensions of cm? g™! (or m? kg™)
and are therefore not true ratios as implied by the term ‘ratio’.
LWR is a true dimensionless mtio. The reciprocal of SLA, or
leaf mass per unit leaf area, is often but mistakenly referred to
as specific leaf weight (SLW). By definidon, any ‘specific’
index must be referenced to mass, so that SLW will always
equal 1 (Jarvis 1985}. For that reason, and where such dara
warrant indusion, leaf mass to leaf area ‘rado’ will be used

rather than S

6.1.3 Leaf area

(a) Patterns of cell division and cell enlargement
LAR can be an important driving variable for whole-plant
growth so that dynmamics of leaf expansion will underpin
RGR. responses to penetic and environmental effects. Indeed,
variation in LAR is frequently perceived as impacting more
direcdy on whole-plant growth than variaion m NAR.
Accordingly, leaf growth deserves some attention in this pre-
sent context of plant growth analysis,

Leaves are first discernible as tiny primordia which are ini-
dated by meristems in strict accord with a genetically pro-
grammed developmental morphology. As shoot growth pro-
ceeds, dicotyledonous primordia undergo extensive cycles of
cell division (peak doubling tme ¢. 0.5 d) emerging as recog-
nisable leaves that unfold and expand. Lamina expansion fol-
lows a coordinated pattern of cell division and cell enlarge-
ment that is under genetic control but modified by the envi-
ronment. Final leaf size and shape vary accordingly.

Leaf growth in grasses (monocotyledons) such as rice,
wheat, coarse grains and pasture grasses is qualitatively differ-
ent from that in broad-leafed planes (dicotyledons) such as
sunflower, cucurbit, tobacco and pasture legumes. Primordia
of dicotyledons bear a superficial resemblance to those of

monocotyledons, but as grass leaves emerge cell division is
confined to basal meristems which give rise to a zone of cell
expansion. Leaf maturation proceeds from tip to base. Cell
division and cell enlargement proceed concurrently, but are
separated spatally. By contrast, broad-leafed plants show more
of a temporal separation where a phase of cell division pre-
cedes a subsequent phase of cell enlargement {but with some
overlap as discussed later). Notwithstanding such distinctions
in cell growth dynamnics, the net outcome for area increase is
similar. Lamina expansion in both monocotyledons and
dicotyledons is approximately sipmoidal in tume and asym-
metric about a point of inflexion which coincides with max-
imum rate of area increase.

Taking cucumber as an archetype for dicotyledonus leaves
(Figure 6.2), this inflexion point occurs later under lower irra-
diance (compare data on leaf area increase under 0.6 with 4.4
M] m2 d in Figure 6.2). Eatly expansion of leaf primordia
is driven primarily by cell division, and cell number per leaf
increases exponentially prior to unfolding {solid lines in
Figure 6.2). Rate of cell division during this early phase is
increased by irradiance, so that potential size of these cucumber
leaves at maturity is also enhanced. Using the upper curves in
Figure 6.2 as an example (highest irradiance}, cell number per
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Figure 6.2 Lesves of cucumber (node 2 on plano in growth cabinets) show
an approximately sigmoidal increase in area with ime (broken lines) where
final size and cell number vary with daily irradiance (0.6, 1.9 or 4.4 M} m™
d™). During un initial exponential phase in ares growth, cell number per leal
{solid lines} also increases exponentially. Tbe slope of 1 semi-log plot (bence
relative rate of cell division) iz higher under stronger irmdiance. Cell numn-
ber per leaf app an wsymp {cell division dows) as leal area

increase becomes Linear
{(Based on Milthorpe and Newion 1963)
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Figure 6.3 Carhon exchange by a cotton leaf (node 7 main stem under
cloudy conditions; photon krradisnce 17 mol quania m™ d™'} shows 1 peak
in both net photosynthesis and expart of photosssimilate as leaf growth
(rxpantlon} dows. An initial phase of carbon import helps sustain early
expanulon {shown here as 2 negative export). Positive export of photoassim-
ilate is evident after about 9 d, coinciding with rapid expansion and » tirme
of i [ 1ent in leal g h. (Note ded seale for
growth and respication}

{(Based on Constable and Bawson 1380}

lamina reaches a plateau around 20 d, but area continues to
increase to at least 30 d. Cleaily, cell expansion is largely
responsible for lamina expansion berween 20 and 30 d after
sowing,

While the inidal (exponential) phase of dicotyledonous
leaf growth is driven largely by cell division, and the sub-
sequent {asymptotic} phase is largely due to enlargement of
the resulting cell population, the distincdon between these
owo phases is somewhat arbitrary. Improved techniques for tis-
sue maceration and cell countng have shown that cell divi~
sion can continue well into the cell-expansion phase of leaf
growth. Formation of such new cells is conservative, but does
mean that about 90% of cells in a mature cucumber leaf can
originate subsequent to unfolding. Data for tobacco and sun-
flower are closely comparable to those shown here for
cucumber (see Table 2 in Dale 1982).

Contrasting time-courses for cell division and subsequent
eulargement hold implications for leaf function. For example,
epidermal layers usually cease division ahead of mesophyll Hs-
sites so that leaf thickness can increase for some time after
leaves reach full size (Dale 1576, 1982) and by implication
have a greater depth of photosynthetic tissue. Typically, photo-
synthetic capacity will reach a maximum just before leaves
reach full size (Figure 6.3) although export of photosynthetic
products does not peak until leaves are at full size (dashed line
in Figure 6.3). Cell division has normally ceased at that stage
(see Table 6 in Dale 1976).

(b) Resources for cell division and cell
enlargement

In leaves of both dicotyledons and monocotyledons, cell
number dictates potental size, but expression of that potential

GROWTH ANALYSIS: A QUANTITATIVE APPROACH

is determined by cell enlargement, and these two phases of
lamina expansion have distinct needs. Cell division is substrate
intensive but cell enlargement is not, and carbon requirement
for later phases of leaf growth is demonstrably small. In cotton,
for example (Figure 6.3) local photosynthesis plus some
imported substrate were necessary for early expansion but a
net export of photoassimilate was apparent within only 7-8 d
of unfolding. R.espiratory losses were at most only 10% of daily
fixation with remaining photoassimilate going to export.

During leaf expansion, volumes of constituent cells can
increase 10-100-fold depending upon lecation and function,
cells such as spongy mesophyll showing the greatest increase
and guard cells the least. Photoassimilate is readily available
and generally sufficient (discussed above) but a positive turgor
must be sustained for cell enlargement and leaf expansion
which in turn depends on water plus inorganic resources that
must all be imported. A reliable supply of nitrogen, phos-
phorus, potassium and magnesium is crucial (Dale 1982) and
especially significant for synthetic events within enlarging cells.
Chloroplast replication in spinach is a case in point where
plastid numbers per cell increase from 10 or 20 at leaf un-
folding up to 200 per cell in full-sized leaves (Possingham
1980).

Nutrient requiremnents to sustain such prodigious syntheses
are substantial, and again taking cucumber as indicative of
broad-leafed plants Milthorpe {1959) demonstrated that rate
of leaf production (and by impliction cell division in terminal
meristemns) was companatively insensiive to depledon of
external nutrients whereas expanding leaves had a high demand.
Similarly leaf growth in subtermanean clover (Fifolium subter-
raneum) proved more sensitive to potassium and magnesium
deficiency than did photosynthesis, so that photoassimilate
actually accumulated in nutrient-deficient plants {(Bouma ef
al. 1979).

(c) Mathematical analysis of leaf expansion

The collective activities of cells in an expanding lamina are
amenable to mathematical analysis. Despite differences between
monocotyledons and dicotyledons in spatial and temporal
patterns of leaf prowth, as well as differences between divid-
ing cells and enlarging cells in their requirements for carbon
and nutrients, growth curves for single leaves can prove
instructive,

Differences in canopy development (genetic or environ-
mental causes) can be attributed to three sources, namely. (1)
frequency of new leaf initiation, (2) size of primordia and (3)
time-course of lamina expansion. All three sources can be
inferred to some extent from comprehensive measurement of
lamina expansion by successive leaves, and a determinate plant
such as sunflower (Figure 6.4) provides a convenient example.
The curves in Figure 6.4 were drawn by hand through all data
points {two measurements of leaf length (L} and leaf breadth
(B} per week with area (A} estimated from the reladonship A
= (.73 (L X B). Leaf area (A) is shown as a function of time
for eight nodes selected between node 6 and node 40.
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Figure 6.4 Lenf expansion in il shows a sigmoidal increase in lam-—
ina arca with time where relative rate of ares increase (r) and final size (4,)
both vary with nodsl position, reaching a maximum avound node 20

[Pased on Bawson and Turner 1932}

Curves change shape in a characteristic fashion according
to node position, and carry important implications for under-
lying growth processes. Node 20 produced the largest leaf on
this plant, while slowest growth and smallest final size was
recorded for node 40 (adjacent to the terminal inflorescence).

Frequency of leaf initiation can be inferred from a more
comprehensive family of such curves where early exponential
growth in area for each successive leaf is recorded and plotted
as log,, area versus time. This results in a near-parallel set of
lines which intersect an arbitrary abscissa (Figure 6.5). Each
time interval between successive points of intersection on this
abscissa is a ‘phyllochron’ and denotes the tme interval
between comparable stages in the development of successive
leaves. This index is easily inferred from the time elapsed
between successive lines on a semi-log plot (Figure 6.5).

Figure 6.5 Lesves of subterranean clover achieve a 10-million-fold increase
in size from primordium to final area (volume of primordia shown as dot-
ted lines; leal fresh mass shown as solid lines), Saccessive leaves are inidated
and enlarge in a beaudfully coordinated fashi led here as a family of

straight lines on a semi-log plot. Intervals along an arbitrary ahscitsa (arrow
at 100 % 10~ mm?®) that intersocts these lines represent time elapsed {about
1.8 d) between attainment of a given developmental status hy successive
leaves (phyllochron)

{Based on Williams 1975}
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Cumulative phyllochrons serve as an indicator of a plant’s
physiological age in the same way as days after germination
represent chronological age.

The dynamics of lamina expansion following leaf unfolding
in dicotyledons, or of leaf extension in monocotyledons, is a
third and most definable source of variation in canopy devel-
opment, Each leaf follows a qualitatively similar time-course
{e.g. Figure 6.5) and is commonly described by a Richards
(1959, 1969) function reparameterised by Cromer ef ol. (1993)
to yield:

Ay = A1 + d etii+dy=1d (6.14)

The four parameters Ay, f, r and d have a clear geometric
meaning. Ay (cm?) stands for the final arca attained by a leaf,
and is the asymptotic value for A at large ¢, t; (d) is the ome
when A(f} undergoes inflexion from initially exponential to
subsequently asymptotic increase, r {d~!) is relative rate of area
increase by a leaf (RGR zppa) with an area of A(f) at fp, and 4
determines the shape of the curve of A versus ¢ (larger 4
results in an inflexion point higher up the curve).

Mathematical analysis of leaf expansion now becomes a
vehicle for defining environmenl effects on canopy devel-
opment, or for making genetic comparisons. Some examples of
environmental effects on A{) and r are given later (Section 6.2}.

6.2 Environmental physiology

Light, CO,, temperature, water and nutrients are taken as key
driving variables for growth responses in a wide range of species.
Growth indices, especially whole-plant and leaf RGR,, serve
as an indicator of plant response and of interactions berween
environmental factors where they occur. Variation in whole-
plant RGR. is then resolved into contributions from NAR
and LAR.. Ecological implications for managed and natural
conumnunities are considered.

6.2.1 Light

Light impacts on both extent and activity of plant canopies.
Taking cucumber as an archetype for herbaceous crop plants
(Figure 6.6} leaf growth increases with daily irradiance due to
increased cell number rather than increased cell size. Leaf
thickness is also positively affected by daily irradiance, principal-
ly resulting in a greater depth of palisade (Table 6.1). Indeed,
mean cell volume is more than doubled under strong irradiance
(3.11 x 1075 mm?® at 3.2 MJ m™ s ¢f. 1.46 X 1075 mm?> at
0.5 M] m™2 d™7 in Table 6.1}, and because cross-sectional area
is virtually unchanged cell depth is responsible. This greater
depth of palisade in strong light confers a greater photo-
synthetic capacity on such leaves (expressed on an arca basis)
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and translates into larger values for NAR and a potentially
higher RGR.. At lower irradiance (Table 6.1) leaves are thin-
ner and SLA will thus increase with shading, and because
LAR = SLA X LWR (recall Equation 6.9) a smaller absolute
size at lower iradiance can be offset by larger SLA resulting
in LAR increase,

Table 6.1  Leaf size and other physical attributes measured on Cucumis
sativus _foliage at node 3 show a positive response to daily iradiance in
growth cabinets

Attribute Daily irradiance (M] m™)
Q.5 3.2

Area of leaf (cm¥) 127 356

Leaf thickness (um)
Sections 88 211
Vol./area 111 222

Mean cell volume {10* pm®) 1.46 3

Cell cross-secton (um™ 131 138

(Adapted from Wilkon 1966)
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Figare 6.6 Area of individual lesves on cucamber {Cucuntis sativas) responds
to dadly irradi and hes a mawi above about 2.5 MJ m? d™'. Azea
increase (node 2 in this examnple) is due o grester cell oumher under
stronger irradiance. Mean size of mesophyll cells is little afected and has no
influence on arex of individual leaves.

(Based on Mewton: 1963)

G. E. Blackman (Agriculture Dept Oxford University}
appreciated the significance of such LAR x NAR interacdon
for whole-plant growth, and in a series of comprehensive
papers with a number of cellaborators documented shade-
driven growth responses for many species. RGR. response to
growing conditions such as shade, and the degree to which
upward adjustment in LAR could offset teduced NAR,, was a
recurring theme. Plants were commonly held in either full
sun or under combinations of spectrally neutral screens that
reduced daily irmadiance to either 24% or 12% of full sun. These
three treatments cornmenced with onset of rapid growth by
established seedlings, and harvests taken as plants were judged
to have doubled in size over successive intervals, Steady expo-
nental growth ensured that treatment effects on RGR. could
be resolved mto component responses by NAR. and LAR..

In a series of 20 pot experimencs, Blackman and Wilson
(1951a) first established a close relationship between NAR

=)
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Figure 6.7 A sun-adapted plant such as Helfanihus annuss adjusts LAR, to some extent in response to lower
daily irradiznce but not enough to mainnain RGR. By contrast, a shade-adapted plent such as Impaficms pars—
iflors with somewhat higher LAR and RGR in full sun makes further adjostment in LAR s0 that RGR does
not diminish to the same extent in moderate or deep shade as does that of H. annwuss

{Based on Blackman and Wilson 1951b; Evans and Hughes 1961)

and daily irradiance where shade-dependent reduction in
NAR. was similar for 10 species. More precisely, NAR. was
linearly related to log irradiance and extrapolation to zero
NAR corresponded to a light-compensation point of 6-9%
full sun for eight species, and 14—18% full sun for two othets.
Significandy, neither slope nor intercept of NAR versus. log;,
daily irradiance differentiated sun-adapted plants such as bar-
ley, tomato, peas and sunflower from two shade-adapted
species (Gewmn wrbanum and Solanum dultamara). LAR proved
especially responsive to light and accounted for contrasts
berween sun plants and shade plants in their growth response
to daily irradiance.

Concentrating on sunflower seedlings, Blackman and Wilon
(1951b) confirmed that NAR increased with daily irmdiance
(Figure 6.7a) and that LAR was greatly increased by shading
especially in young seedlings (uppermost line in Fipure 6.7b).
Response in RGR. tracked LAR and especially in young
seedlings which also showed highest RGR. and were most
sensitive to shading. LAR appeared sensitive to both daily
maximna as well as daily toral irmdiance. Variaion berween
species in adjusmment to shade, and ultimately their long-term
shade tolerance, would then derive from plasticity in LAR.

A subsequent comparision between sunflower and the
woodland shade plant Impatiens parvifiora by Evans and Hughes
(1961) confirmed this principle of LAR responsiveness to
irradiance (Figure 6.7). Sunflower achieved noticeably higher
NAR in full sun than did . parvifiora, but LAR was consider-
ably lower and ironically translated into a somewhat slower
RGR for sunflower. This species contrast was, however, much
stonger in deep shade (12% full sun) where RGR for I. parv-
iflora had fallen to 0.090 d°! whereas sunflower was only
0.033 d7V. Clearly, I. pavifiora is more shade tolerant, and
retention of a faster RGR in deep shade is due both to greater
phsticity in LAR as well as a more sustained NAR.. Adjustrnents
in both photosynthesis and respiration of leaves contribute to
maintenance of higher NAR in shade-adapted plants grow-
ing at low irradiance (Chapter 12),

A note on irradiance

Daily irradiance {photosynthetically active energy) at low to
mid latitude (20~30°) can reach 15 MJ m™2 on clear days in
midsummer. The tropics can be lower due to dond cover, while
at higher ladtudes (30-50°) lower daily maxima are offset by
long days. Plant growth and reproductve development vary
accordingly, and some early results, including those from
northern hemisphere experiments, must be viewed in this
context. Warren Wilson (1966, 1967) analysed che performance
of open-grown seedling sunflowers at Deniliquin and record-
ed the highest known value for NAR, namely 299 + 04 ¢
m2 d™!, Pooling data from Deniliquin and Oxford (Figure
6.8), NAR. in widely spaced and nutrient-rich sunflower
plants was linearly related to daily irradiance with 2 mean max-
imum NAR. of about 25 g m™ d™* at about 15 MJ m™2 4.
In assimilarory terms, sunflower shows remarkable capacity
and plasticity.

30 o Deniliquin, Australia .
+ Oxford, England °
% %
7
E
L
5 10-
e i T |
0 5 10 15

Irrndiance
{M] m™? &1 of photosynthetically active energy)

Figure 6.8 NAR for open-grown seedlings of sunflower (Helienthus annims)
responds linearly to daily irradience across a wide range from low values
recorded at Oxford o the highest recorded value for NAR of about 30 g m™
d™ at Deniliguin under a daily irradisnce of 13.5 MJ m™ 47

(Based on Warren Wilon 1959)



6.2.2 Temperature

Within a moderate temperature range readily tolerated by
vascular plants (say ¢. 10-35°C} processes sustaining carbon
gain show broad temperature optima. By conoast, develop-
mental changes are rather more sensitive to temperature, and
provided a plant’s combined responses to environmental con-
ditions do not exceed physiologically elastic limies (i.e. adjust-
ruents remain fully reversible) temperature effects on RGR
are generally attributable to rate of canopy expansion rather
than rate of carbon assimilation. In the early days of growth
analysis, Blackman et al. (1955) inferred from a mult-factor
analysis of growth response to environmental conditons that
INAR. was relatively insensitive to temperature, but whole-
plant growth was obviously affected, so that extent {LAR)
rather than performance pet unit surface area {INAR) was
responsible. Such inferences were subsequendy validated.

Using day/night temperature as a driving variable, Potter
and Jones {1977) provided a detailed analysis of response in
key growth indices for a number of species (Table 6.2). Data
for maize, cotton, soybean, cocklebur, Johnson grass and pig-
weed confirnied that 32/21°C was optimum for whole-plant
refative growth rate (RGR ) as well as relative rate of canopy
area increase (R.GR,,}. Both indices were lowest at 21/10°C.
Moreover, variation in RGRyy and R GR,, was closely corre-
lated across species and treatments {pooled data).

All populations described in Potter and Jones (1977) main-
tained strict exponential prowth. NAR. could then be derived
validly and temnperature effects on NAR. could then be com-
pared with ternperature effects on RGR.y and RGR , (Figure
6.9), With day/night temperature as a driving variable, most
values for NAR, fell berween 10 and 20 gm™ d™!. Correlation
between NAR. and RGRyy was poor (Figure 6.9a). By con-
trast, variation in both RGR and RGR,, was of a similar
order and these two indices were closely correlated (Figure
6.9b}.

Table 6.2  Relative rate of whole-plant growth (RGRyy d™1) and relative
rate of canopy expansion (RGR d™') fobtained via functional growth
analysis) are both sensitive to day/night tetnperature regime with a broad
optimum around 32/21°C. RGRy, and RGR,, were higher in C, than
in Cj spedies, and espedally under warm conditians

Pha 21/ 10°C 32/ 21°C 38/ 27°C
Species mods RGRy RGR, RGRy RGR, RGRy RGR,

Cotton C,y 0086 0073 0206 0197 0188 0172
Soybean G, 0.108 0124 0202 0199 0165 0.168
Cocklebur G, 0.16%  0.151 0.269 0263 0.204 0.176

Maize C, 0.096 0133 0.255 0354 0173 0.189

Jobnson
grass C, 0.156 0.139 0.391 0.370 0359 0324
Pigweed C, 0.262 0239 0.482 0436 0393 0328

(Adapted-from Potter and Jones 1977)

Cotton, Gossypium hirutum L.; soybean, Glyane max [L.] Merr.;
cocklebur, Xanthium pensylvanioum Wallr.; maize, Zea mays L.;
Johnson grass, Sorphum halepense [L.] Pers.; pigweed, Amaranthus

retroflexus L.
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Figure 6.9 Variation in whole-plant RGR is linked to relative rate of canopy
cxpanglon (RGR,). Nine species (including C; and C, plants) grown under
three temperature regimen (21/10°C, 32/21°C and 31/27°C day/night)
wexpressed wide variztion in RGR that showed 2 sbong correlation with
RGR,, but was poorly correlated with variation in NAR_ Extent rather than
activity of lesves sppears 1o be more impartant for RGR respomse to tem-

peratare
(Bated on Potter and Jones 1977)

Focusing on canopy expansicn as a factor in RGRy,
response to temperature, R GR,, is a composite index and refers
to relative rate of canopy area increase by an entire plant. As
explained earier (Secton 6.1.3) sources of variation in RGR
include frequency of leaf inidation and appearance, rate of
larnina expansion and final size of individual leaves. Temperature
effects on whole-plant R GR 4 can thus be resolved into com-
ponent processes which correspond to parameters in Equation
6.14, namely Ax, 1, t; and frequency of leaf appearance {phyl-
lochron, derived by subtraction of f; for leaves on successive
nodes). An example of temperature effects on those compo-
nent processes is outlined in Table 6.3,

Wheat seedlings were raised at air temperatures of 6, 10
and 18°C and growth in area by successive leaves studied in
detail. Recognising that leaf-growth dynamics and final size
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vary with node (Figure 6.4) comparisons berween these treat-
ments are restricted to equivalent nodes. A, from node 4 at
6°C is not recorded because plants grew so slowly that leaf 4
had still not emerged by the time this growth experiment was
terminated. Leaves at node 2 did, however, attain full size but
differed little between tempemture treatments, while leaves
from node 4 at 10°C and 18°C were also comparable. Unlike
the positive effects of daily irradiance on final leaf size (Section
6.2.1), temperature effects on A, were lacking in these wheat
experiments. By contrast, relacive rate of area increase {f) was
strongly affecied by temperature; and because A, remained
unchanged, duration of leaf growth must have been shortened.
Similarly, appearance of new leaves was also accelerated under
warm conditions; phyllochron decreased from 11 d at 6°C to
only 3.5 d at 18°C.,

Genenlising from data m Table 6.3, posidive effects of tem-
perature on r and Af, with little contribution from A, will
account for temperature effects on relative rate of canopy
expansion by whole plancs (R GR,).

Table 6.3  Temperature enhances canopy growth in wheat via faster
expansion of individiual leaves (t) and faster appearmce of suzessive
leaves (shorter phyliochron Aty). Final size of individual leaves (A]) is lit-
tle affected

Temp. Final size RGR leaf Phyllochron
{°C) Node A_ {em?b r{dh Aty (d)
Expe 1
6 2 205 0.095 11
4 J— J— —
10 2 200 0.160 7.1
4 320 — —
18 2 193 0.290 3.5
4 313 — —
Expt 2
& 3 250 0.0% 13.0
10 3 250 0.171 6.50
14 3 252 0.253 4.33
18 3 247 0.316 3.25

_~(Adapted-from Trought and Drew 1982; Trought, unpublished

data}

In Expt 2, RGR leaf (A represents a mean value for all leaves, and
phyllochron is a mean value for intervals separadng leaves at nodes
2-3 and nodes 34,

6.2.3 Carbon dioxide

Growth responses to elevated CO, can be spectacular, especial-
ly during eatly exponential growth (Figure 6.10a,b) and derive
largely from direct effects of increased CQO, partial pressure on
photosynthesis, C, plancs will be most affected, and especially
at high temperature where photorespiratory loss of carbon has
the greatest impact on biomass accumulation.

Global atmospheric CQ, partial pressure is expected to
reach 60—70 Pa (. 600-700 ppm) by about 2050 so that
growth respense to a CO, doubling compared with 1990s
levels has received wide artention (e.g. Cure and Acock 1986;

/1

1 r
Hamtl m

Figure 6.10 Early growth of cucumber (Cucnumis sativus) (2) and wong bok
(Brassica pekinensis) (b) is greatly enhanced in elevated CO,; (1250 ppm) com-
pared with ambient controls (325 ppm). As shown here, that initial effect is
still apparent afier 52 d of greenhowse calture in nutrient-rich pordng mix.
(Scale har = 10 cm). (Further denails in Kriederzann and Wong (1984) and
adjacent table)

{©riginal photograph courtesy Maureen Whiraker}

Poorter 1993). Instantaneous rates of CO, assimilation by C,
leaves usually increase two to three-fold but shore-term
response is marely translated into biomass gain by whole plants
where growth and reproductive development can be limited
by low numiens, low light, low temperature, physical restricion
on mot growth (especially pot experiments) or strength of
sinks for photoassimilate. Given such constraints, photosynthet-
ic acclimation commmnonly ensues (Chapter 13). Rates of CO,
assimilaion {leaf area basis) by CO,-enriched plants, grown
and measured under high CO,, will match rates measured on
control plants at normal ambient levels.

Acclimation tzkes only days to set in, and because plant
growth analysis commeonly extends over a few weeks, CO,-
driven responses in growth indices tend to be more con-
servative compared with instantanecus responses during leaf
gas exchange. Moreover, C, plants will be less affected than C,
plants {for reasons discussed in Chapters 2 and 13} so that
broad surveys need to distinguish between photosynthetic
mode. For example, in Figure 6.11, average NAR_ for 63 dif-
ferent cases of C, plants increased by 25-30% under 600-800
ppm CO, compared with corresponding values under
300-400 ppm COQO,. However, NAR. increase was not
matched by a commensurate response in RGR,, and decreased
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Figure .11 A survey of growth response to elevated CO, (ratio of growth
indices im 600—B00 cf. 300—400 ppm CO,) in 63 different C, species (2) and
eight C,; species (b} Is sy tc differences in medisn values for
growth indices that relats to photosynthetic mode. C; plants show a positive
response in NAR. that resnln in alighdy faster RGR despire sama reducti
in LAR. C, planty reduce RGR under elevated CO; due to diminished NAR.
SLA of Cy plants is generally lower under elevated CO;, but Increased some-
what in C,. IR is essentially unchanged in either grousp

(Based on Poorter ¢f al. 1996)

LAR appears responsible. CO,-enriched plants were less leafy
than controls {i.e. lower LAR), but not because fess dry mat-
ter was allocated to foliage (CWR. was on average unaltered).
Rather, specific leaf area (SLA in Figure 6.11) decreased
under high CQ, so that a given mass of foliage was present-
ing a smaller assimilatory surface for light interception and gas
exchange. Accumulation of non-structural carbohydrate {main-
ly starch; Wong 1990) is commonly responsible for lower SLA
in these cases,and in addition generally correlates with down-
regulation of leaf photosynthesis,

By contrast, in C, plants TWR, was little affected by elevat-
ed CQOy,, but in this case SLA did show slight increase with
some positive response in LAR. However, photosynthetic accli-
madon may have been more telling because NAR, eased and
RGR. even diminished somewhat under elevated CQO,.

Global change, with attendant increase in amospheric CO,
over coming decades, thus carries implications for growth and
development in present-day genorypes and especially the
comparadve abundance of C; cf. C, plants (Chapter 13), but
elevated CQO, also has immediate relevance to preenhouse
cropping. In production horticulture, both absolute yield and
duration of cropping cycles are factors in profitability.
Accordingly, CO, effects on rate of growth as well as onset of

GROWTH AMALYSIS: A QUANTITATIVE AFPROACH

Table 6.4 Brassiar pekinensis (Wong Bok) and Cucuenis sativies
{Cucimber) are strongly affected by elevated CO, (ambient x 3.85) dur-

ing early growtly, but the response in both NAR and RGR becomes
rsted as plants grow Canopy expansion (RGR ) is especially sensilive

to CO, enrichanent, but only during early growth

Age  Ambient CO, Enriched CO,
Species (d) RGR NAR RGR; RGER NAR RGR,
B. pekinensts 0-18 0.195 700 023 0258 301 0.9
18-24 0,307 977 0297 0291 118 0222
2440 0.155 6.64 0130 0.147 930 C.12C
40-52 0.114 8.1 0.061 0.066 665 0020
C. sativus 021 0107 693 0164 0173 133 0215
2140 0.138 8.6% 0.093 0147 129 0122
40-52 0.036 3.27 0061 0051 580 0.035

(Adapted from Kriedemann and Wong 1984)
RGR (whole plant relative growth rate; d™!
NAR. (net assimilation rate; g m™ 4!

RGR, (relative rate of canopy expansion; d™!

reproductive development and subsequent development are
of interest.

Young seedlings in their eary exponential growth phase
are typically most responsive to elevated CO,, so that pro-
duction of leafy vegetables can be greatly enhanced. This
response is widely exploited in northern hemisphere green-
house culture {e.g. Wittwer and Robb 1964) and was put to
good effect in ‘Head Start’ programs at Beltsville (Krizek et af.
1974). In commercial operations, ambient CQO, is often raised
three- to four-fold so that growth responses can be spectacu-
lar {Figure 6.10a,b) but tend to be short lived (Table 6.4) as
accelerated early growth gives way to lower RGR. During
each cycle of growth and development, annual plants show a
sigmoidal increase in biomass where an initial exponential
phase gives way to a linear phase, eventually approaching an
asymptote as reproductive structures mature. If CO; enrichment
hastens this progression, a stage is soon reached where RGR.
is lower under elevated CO, due to accelerated ontogeny (see
Gifford ef al. 1996).

For example, wong bok (Brassica pekinensis m Figure 6.10b)
is 2 highly productive antumn and winter vegetable that serves
as ‘spring greens’ and is especially responsive to C(O, during
early growth. In present crials (Table 6.4) RGR,, at ¢. 330 ppm
CO, was initially 0.230 d™! compared with 0.960 d™! at «.
1350 ppm CO,, but by 40-52 d, RGR, had fallen to 0.061
and 0.020 d™? for control and CO, enriched, respectively.

CO,-driven response in NAR and RGR also diminished
with age, and especially where these Iarper individuals failed
to sustain higher RGR past 18 d (Table 6.4}, Nevertheless, a
response in NAR was maintzined for a further two intervals
so that 2 CO, effect on plant size was maintained (Figure
6.10b).

Intensive greenhouse fruit crops such as tomato and
cucumnber are also raised under elevated CO,, and as noted
above for cucumber and leafy greens, young plants are especial-
ly responsive (and in tomato, even at low light; Hurd 1968;
Hurd and Thornley 1974). Matketble yield of fruit is also

A
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increased with CO,-enriched plants commeonly flowering
earlier and producing about 30% more crop over a whole sea-
son with early cycles of reproductive development typically
more responsive (50% increase; Madsen 1974). Photosyntheric
acclimation in CO,-enriched plants contributes to this
dimninished response over time, and has led to 4 management
practice where CO,-enriched greenhouses gradually revert to
ambient as cropping seasons progress. An alternative strategy
might be to ‘pulse’ greenhouses with CQ, rather than enrich
continuously, thereby forestalling photosynthetic acclimation.
A dury cycle of 2 d enriched followed by 1 d ambient has
been suggested (Kriedemann and Wong 1984).

Potato {Solarmum tuberosum L.} offers an interesting variant
in CQ, effects on growth indices where differentiation of
tubers provides sinks that can sustain NAR response to CO,
(Tabie 6.5). In this experiment, over 400 potato plants were
established in large containers of potting soil and held in a
greenhouse (sunlipht plus daylength extension to 15 h) under
either ambient (300370 ppm CO,} or enriched conditdons
{600-700 ppm CQ,) from emergence to bloom (early en-
richment 0-55 d; phase 1) or from bloom to final harvest (late
enrichment 55-110 d; phase 2). Tuber yields at 55 d were
increased significantdy from 5.5 g plant™ in control to 10.9 g
plant™ under CO, enrichment. Tuber number per plant was
not significantly increased. By final harvest, miber weight had
increased to 17.5 and 22.0 g plant™ for control and early
enrichment respectively, but reached 30.5 g plant™ in response
to late enrichment (phase 2). Moreover, plants receiving late
enrichment also sustained their NAR. at 3.49 g m™2 ¢! dur-
ing phase 2 compared with 1.77 in early-enriched plants and
1.91 in controls (Table 6.5). Presumably, photoassimilate gen-
erated by leaves during late enrichment with CQ, was direct-
ed to tubers rather than accumulating in leaves and suppressing
further assimilation. A stong ontogenetic progression was
none the less evident in canopy development where relative
rate of increase in leaf area per plant (RGR,,} dropped by an

Table 6.5 Tuber yield froms Solanum tuberosum (pot groum) is greatly
enhanced by CO, envichment subsequent to tuber differentiation. NAR.
responds to both early and late CO, envichinent, bur relative rate of
aanopy expansion (RGR 4} is little affected at either stage

Phase 1 Phase 2
(055 d) (56110 d)
Tuber yield (g plant™)
Control 5.5 17.5
COrenriched phase 1 10.9 22.0
COzcnriched phase 2 5.9 30.5
NAR. (g m? d)
Control 4.29 1.91
COy-coriched phase 1 5.74 1.77
COy-enriched phase 2 4.56 3.49
RGR, {d™ x 100}
Control 5.7% 0.77
CQOy-cnriched phase 1 5.80 Q.50
CO,-enriched phase 2 5.60 0.53

{Adapted from Collins 1976)

order of magnirude between phase 1 and phase 2, and also
became insensitive to elevated CO,.

6.2.4 Nutrients (nitrogen and
phosphorus)

Leaf expansion is particulatly sensitive to nutrient supply
{especially nitrogen, phosphoerus, potassium (N, P, K) and mag-
nesium due primarily to the needs of enlarging cells for syn-
thesis of new materials and generation of rurgor. Reiterating
assumptions made earlier {Section 6.1.3}, an initial exponential
phase in Jamina expansion coincides with an especially active
period of cell division, whereas the subsequent asymptouc
phase is largely driven by cell enlargement. Relative rate of
lamina expansion (/) at the end of that exponental phase is
thus taken as indicative of cell division actviry, whereas A,
reflects enlargement of that cell population. Nutrient deficiency
or imbalance is first detected in leaf growth rather than leaf
assimilation, and in terms of canopy development, nutrient
supply impacts on phyllochron {At), relative rate of expansion
(" and final leaf size (A,) (see Equadon 6.14).

Such effects are nicely demonstrated by Grielina arborea
Raxb. {colloquially gmelina), a close relative of teak and
favoured for tropical plantations by virtue of fast growth. Like
teak, G. arborea carries large leaves that commonly prow to
750 ¢cm? on high-qualicy sites. Leaves on greenhouse plants
are smaller, but their growth dynamics are still informative.
Plants grown on high, medium or low N supply (Table 6.6)
with leaf [N] 2.94%, 1.18% and 0.63% N (dry mass) respec-
tively show a strong decline m final size (A4, in Equation
6.14). By comparing high N with medium N, and noting lit-
tle chiange in r (0.36 4! on high N and 0.34 d™! on medium
N}, this reduction in A, must be due mainly te a diminished
enlargernent of a given population of cells that were generat-
ed during the previous exponential phase of leaf growth. By
contrast, rate of appearance of new leaves is affected by N sup-
ply, due probably to a slower initiation, so that phyllochron

Table 6.6 Leaf response to N and P nutrition in Gmelina arborea
shows that N supply had a strong effect on final size (AJ), with moderate
effect on relative rate of expansion (t), whereas P supply impacted princ-
pally on r and phyllochron (Aty)

Nutrient Leaf Final size RGR (leafy Phyllochron
treatment  [nutr]* A, (cm®) r (d A, (d)

High N 2.94 168 0.36 4.9

Med N 1.18 92 0.34 7.4

Low N 0.63 29 0.24 9.8

High P 0.103 113 023 35

Med P 0.052 107 019 11.2

Low P 0.02% 12 012 18.9

{Adapted from Cromer et al, 1993)

*[nutr] refers to leaf [N} or leaf [P] as mmol N or P g™ dry mass
for N and P experiments respectively. A, and r refer w node § in
both experiments, and Af, from node 6 to node 7.



(At in Table 6.6) increased from 4.9 to 7.4 to 9.8 d on high,
medium and low N supply respectively.

Phosphorus effects on leaf growth in G. arborea are amenable
to a similar analysis. In this case, A, was less sensitive to reduc-
tion from high P to medium P, whereas r was reduced from
0.23 t0 0.19 d™! (and to 0.12 4! on low P). Phyllochron was
similarly sensitive, and as with N effects, Aty became protract-
ed with reductdon in P supply (namely 8.5, 11.2 and 18.9 d
on high, medium and low P respectively). These plants were
taking twice as long to produce new leaves on low P as on
low N.

In keeping with common experience on a wide range of
plants, nutrient deficiency slowed canopy development in G,
arborea, but present analysis has shown that N and P effects are
qualitatively different. N deficiency is obvious as a reduction
in leaf size, whereas P deficiency impacts to a relatively greater
extent on leaf number due to slower appearance, Moderately
N deficient plants (leaf [N] ¢. 1.2 mmol N g™ dry mass) pro-
duced a slower succession of smaller leaves that expanded rea-
sonably quickly, but moderately P deficient plants (eaf [P] c.
50 pmol P ¢! dry mass) produced even fewer leaves (longer
phyllochron) that expanded slowly but nevertheless achieved
reasonable size, Relative rate of leaf expansion {r} was not dif-
ferent on high N cf. moderate N (r = .36 * 0,03 and 0.34
= 0.04 respectively) but r was different on high P cf. moder-
ate P {r = 0.228 & 0.005 and 0.192 * 0.008 respectively). In
the same experiment en G. arborea, Cromer et al. 1993 {their
Figure 7) show dose response curves for r with N saturation
> 1.5 mmol N g! dry mass and P samiration 2 100 pmol P
g dry mass.

N, P and K are highly mobile nutrient elements, and even
on well-nourished plants individual leaves show considerable
nutrient turnover as older {full size) leaves help furnish nurri-
ent requirements of younger expanding leaves at higher
nodes. For example, Hopkinson {1964) provided a detailed P
budget fer cucumber foliage showing a strong import {up to
0.6 mg P leaf ! d"!) that coincided with rapid expansion, fol-
lowed by a steady net export (up to 0.15 mg P leaf! d™'} in
response to the P demands of expanding leaves at higher
nodes. The tme-course of post-maturation senescence will
vary according to the overall balance between mutrient supply
and demand which depends in turn on mot-zone nutrient
availability versus requirements for continuing growth and
development of new organs.

Where nutrient supply is restricted, turnover in mature
leaves will accelerate (especially in fast-growing species} and
senescence will hasten — a common feature under N, P or K
deficiency (Chapter 16). Conversely, when such nutrient-
deficient plants are restored to full supply, leaf growth response
can be dramade {Figure 6.12) with sharp reducton in phyl-
lochron {from 21.4 to 6.2 d in this example) and major
increase in A, (from 65 to 181 cm? at node 9; see Table 3 in
Cromer et al. 1993},

Growth responses to nutrient supply are usually unmistak-
able, even spectacular (Figure 6.12) and commonly referenced
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of teak) is 3 highly prodocdve ropi-

Figure 6.12 Gmaelina atborea (u
cal tree with large Jeaves and is fi d as a plantation species. Leaf growth
is especially resporuive to a step-up Mom low to mediam P sopply (subse-
quent to lesf appearance at node 4, arrow). Relative rate of leaf expansion {r)
incrensed from 0.134 to 0.228 d™', wnd phyllochron {Afy) decreased from 21.4
to 6.2 d. Upper row shows comparative size of leaves from ngde 6 on two
high-P plants. {Scale batr = 10 cm). (Further details in Cromer et af. 1993)
{Original phomgraph courtery P. E. Kriedemann}

to nutrient element concentration (e.g. [N] or [P]} on a dry
mass basis. However, given the highly dynamic nature of tis-
sue N and P, especially when growth-limiting supply
enhances recycling from older organs to new growing points,
how meaningful are whole-plant or even leaf values for [N]
or [P] as driving variables in growth analysis? In effect, [N]
and [P] will vary in both space and time according to patterns
of plant growth and development, which are themselves influ-
enced by nutrient supply.

Analysis of nutrient-dependent changes in growth indices
therefore require test plants where nutrient element concen-
tration can be ‘set’ in space, and also remain stable in tfime.
These prerequisites can be met by aeroponic culture in a con-
stant environment (see Ingestad and Lund 1986 and literature
cited). Seedlings are held in acroponic spray chambers where
a small volume of nutrient solution is recirculated continu-
ously, and further nutriencs are introduced at a predetermined
relative addition rate {RAR). In effect, a steady exponential
growth is set by the RAR of a key nutrient (N or P in pre-
sent examples, but K is equally amenable) while all other
essential nutrients are kept non-limiting. RAR thus represents
a2 driving variable for RGR. which in turn shows an initially
linear response to RAR (Figure 6.13) eventually reaching a
point of samration {not shown here).

Within a plant’s dynamic range of growth response to
nutrient supply, RGR and RAR are hneatly related so that
plants grown this way are well snited to growth analysis.
Moreaver, whole-plant concentratiens of critical nutrients are
‘set’ by RAR such that higher RAR preduces higher whole-
plant nutrient concentraton and remain reasonably stable
over dme. Cromer and Jarvis (1990) demonstrated this for N
in Eucalyptus grandis and Kirschbaum (1991} for P.

Using this Ingestad technique, growth and photosynthetic
responses to plant-nutrient concentration are not complicat-
ed by interactions between ontogeny and nutrient recycling
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discussed earlier. For example, RGR response to plant [N]
(Fipure 6.14) can now be resolved into NAR and LAR con-
tributions. Taking data from Cromer and Jarvis (1990} for
comparisons (cf. Figure 6.13) their highest RARy 0.12 d7,
resulted in an RGR. of 0.111 d71, while their lowest RAR
0.04 d7', generated an RGR of only 0.039 d7.
Corresponding plant [N] values were 34.1 and 11.7 g N kg™
dry mass, and resultant values for NAR were 5.55 and 4.45 g
m™2 d7? respectively. Higher [N] thus increased NAR by a fac-
tor of 1,247, Leaf weight ratio (LWR) increase was somewhat
larper (factor of 1.463) and was accompanied by increased
SLA (factor of 1.561).

Combining outcomes from Cromer and Jarvis {1990) with
those from P experiments by Kirschbaum et al. (1992), some
key differences between N and P in their effects on growth
indices in seedlings of E. grandis wete apparent. Cromer and
Jarvis {1990) concluded, inter alia, that *...effects of N on allo-
cation of dry matter o leaves and the way in which dry mat-
ter is distributed to intercept light, have a larger influence on

.12+
0.10
0.08 -
0.06

RGR (d1)

.04

0.02

O 1 1 1 ] 1 4
o 0.02 0.04 0.06 0.68 010 0.1z

RAR (d1)

Figure 6.13 RGR of young seedlingy (Excalyptns grandis) in aeroponic col-
furs (see Ingestad and Lund 1986 for details on technique) can be set by the
relative addition rate (RAR) of a single limiting natrient {N in this experi-
ment, with all other nutrient elemenu non-limitng). Clusters of rymbols
refer to five dilferent RARS, namely 0.04, 0.06, 4,08, 0.10 and 0.12 47 (with
some minor variadon}

(Based on Cromer and Jarvis 195()

0.02 T T T T T —
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Figure 6.14 Under stable environmenral conditions RGR of young
seedlings (Ewcelyptus grandls) growing in zeroponic cultore can be set by the
relative addition rate (RAR) of a single Umidng nutrient (N in this experi-
ment). If exponential growth is maintained, plant-N concentration [N} will
be proportional tn RAR, and RGR 41 then linearly relsted to [N]

(Based on Cromer and Jarvis 1550)

seedling growth rate than do effects of N on net rate of car-
bon gain per unit leaf area’. By contrast, when considering P-
dependent effects on RGR,, Kirschbaum et al. (1992} con-
clude that*...Carbon fixation rate per unit of plant dry weight
increased about 5-fold with increasing nutrient addition rate
over the range of additon rates used. That increase was due to
a doubling in specific leaf area and a doubling in assimilation
rate per unit leaf area, while leaf weight as a fraction of toral
plant weight increased by about 20 %.’ Unlike N, effects of P
on RGR were due more to changes in leaf physiology than
to changes in dry mauer distribution.

6.2.5 Light X nutrients

Light and nutrients are not only prerequisites for growth, but
show a positive interaction in their effect on growth indices.
Plant biomass formed per unit plant nutrient (plant-nutrient
productivity) increases with irradiance. Birch seedlings grown
in aeroponic units under 24 h illumination and constant envi-
ronment at Uppsala (Figure 6.152) and Eucalyptus grandis
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Figure 6.15 Plant-nutrient productivity (biomass formed per unit plant
nurrient per unit time) can be inferred from analysls of plants grown in aero-
ponic culture, and varies with daily irradiance. In (a}, plane-N productivity
of birch seedlings (Betwls pendula) grown under continuous illomination in
cabinets was saturated around 30 MJ m? d™%. In (b), plant-P productivity of
Euenlyptus grandls seedlings in naturally illeminated phytotron cabinets
remained unsaturated up to 24 MJ m™ 47

{{2) Based on Ingestad and McDonald 1989, b} Kirschbaum 1991}



seedlings in Ingestad units under patural light (Figure 6.15b)
provide examples of light effects on N and P productivicy. In
both cases, nutrient productivity has been calculated in terms
of whole-plant biomass formed per day per unit plant N or
plane P

Reecall from Equation 6.6 that NAR = (1/4) {dw/di) =s
productivity per unit area. In that case, carbon assitnilation
(biomass gain) was referenced to leaf area per plant. By anal-
ogy, nutrient productivity can be referenced to N or P con-
tent per plant, so that nitrogen productivity (designated
NAR,) would be

LdW _ 14w W_RGR

P dt

= = 6.
NARN= S ~wa Ny 6P
Sunilarly, phosphorus productvity (NARF) would be
1dW _ 1 dW W _ RGR
= = dm— —_— = —— 6.
NAR, e X 619

Both indices are integrated over successive harvests as with
NAR,,, and the same caveats apply, namely both whole-plant
biomass and nutrient element content must be increasing
exponentially so that a linear relationship exists between
whole-plant biomass (W) and plant content of N or P. Leaf-
N productivicy and leaf~P productivity (i.e. whole-plant bio-
mass increase per unit leaf N or leaf P per unit tme) can be
derived in the same way.

Plant-N productivity from birch seedlings increases with
phoron irradiance and approaches an asymptote around 30
mol quanca m™2 & (Figure 6.153). Plant-P productivity from
E. grandis seedlings (Figure 6.15b) can be described by a linear

High N

GROWTH ANALYSIS: A QUANTITATIVE APPROACH

functon to ¢. 24 mol quanta m™ d~! and returns numeric val-
ues an order of magnitude higher, reflecting the contrasting
requirements of these two nutrient elements (Chapter 16).
Corresponding estimates of NARy and NARp on a leaf basis
can be used as parameters in process-based models of plant
growth where canopy assimilation (and hence biomass gain) is
simulated from data on canopy light climate and nutrient con-
centration in leaves (see Sands 1996 and literature cited).

6.2.6 CO, X nutrients

CO, is a further prerequisite for growth, and also shows a pos-
idve interacdon with nutrient supply on plant-growth
indices. CO, effects on NAR. which translate to faster RGR
have been documented (Section 6.2.3), Ininally strong
responses that diminised over time were attributed to a shift
in allocadon of photoassimilate under elevated CO, which
resulted in reduced LAR, due in part to decreased SLA plus
increased root mass relative to shoot mass in some cases.
Photosynthetic acclimacion to elevated CO, was an addition-
al factor restricing NAR. (hence lower RGR), especially on
low-nutrient supply. A positive interaction between CO, and
nutrient supply on NAR, would be expected and if nutrient
input drives leaf expansion to the extent demonstrated earli-
er (Section 6.2.4) then the combined effects of LAR. X NAR
on RGR will be compounded.

Using CO, and N supply as driving variables, Wong e/ dl.
(1992) tested these ideas on seedlings of four species of

e 66 P2, 6.0 mM N
sannar 33 Pa 6.0 mM N
~~~~~~ 66P1, 1.2 mM N
e 33P11.2mMN

T0 5
60 -
50
&
E w-
g 30
[
Figure 6.16 Growth of Encalyptws camaidnlensis (cul- 5 20 -
tured 90 d in unshaded greenhouses) shows a positive
and interactive responte 10 factorial combination of N
supply and COy (1.2 or 6.0 mM nirrate with 330 or 660 10 -
ppm COy). Treatments left to right are: low N + low
CO,, high N + low CO,, low N + high CO, and high
N + high CO,. (Scele bar = 50 mm), (Further derails
in Wong ef ol. 1992) 0

{Original photograph courtesy P. E. Kriedemann}
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Figure 6.17 Overall growth of Ewcalypins camaldulensls showed a strong positive response to CO,
X N (see Figure 6.16). However, mean area per leaf at each nade depended mainly on N supply,
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showing no consistent Interucton with CO,. In contrast, the number of nodes was increased by
€Oy, 30 that plangs were taller and carried more leaves. N and CO, were supplied in & 2 % 2 fac-
torial comblnation of 1.2 or 6.0 mM nirrate with 330 or 60 ppm CO,) for 90 d in unshaded green-
houses

(Based an Wang ef of, 1992)
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eucalypt which represented ecologically distinctive groups,
namely Eucalytus camaldulensis and E. cypellocarpa (both fast
growing, widely distributed and reaching immense size} ver-
sus E. pulverulenta and E. pauriflora (more limited distribution,
amaller final size and restricted to poor sites). In addidon, two
subgenera were represented: E. camaldulensis, E. cypeliocarpa
and E. pulverufenta belong to the subgenus Symphyomyrtus,
whereas E. paucifiora belongs to Morocalyptus. Systematic dif-
ferences berween subgener in physiological atuributes have
been noted (Noble 1989). According to that scheme, E. paw-
ciflora would show more muted response to CO, X nutrient
inputs compared with the other three species.

In Wong et al. (1992) early exponential growth showed a
strong response to CO, X N treatments where CO,-depen-
dent increase in RGR (ARGR)) was clearly influenced by N
supply. All three Symphyemyrtus species reurned a greater
ARGR. on high N. By contrast, the Monocalyptus species E.
panciflora showed no such CO, X N interaction.

Given the scale of CO, X N effects on canopy growth
(Figure 6.16, and Table 7 in Wong et al. 1992), E. camaldulensis
was taken for more detailed analysis at final harvest {Figure
6.17). COy-enriched plants on high N were clearly tallest and
carried the largest canopies (Figure 6.16) bur maximum area
per leaf (around node 12 in Figure 6.17) was driven by N
rather than CQO,. Nutrient impact on leaf expansion is well
known (Section 6.2.4), and present effects are consistent with
those general responses. Accordingly, CO, X N interaction on
canopy area of E, camaldulensis can be atuributed to stem
extension and generation of le2f number (CO, effect at high
N), as well as greater size per leaf {nutrient effect and inde-
pendent of CO,}.

Leaf funcrion is also reflected in leaf-N productivity
(whole-plant dry mass formed per unit leaf N per day; Table
6.7). Species differences are again evident where E. camaldu-
lensis and E. cypellocarpe were decidedly higher while E. pul-
verulenta and E. paudflora what somewhat lower. [n addition,
elevated CO, increased leaf-N productvity for both E. carmal-
dulensis and E. cypellocarpa on either high N or low N, where-
as the other two species E. pulverilenta and E. paudflora varied
in scale and direction. Indeed, high N may have proved
supraoptimal for those two species, and especially in combi-
nadon with high CQO,.

Tabie 6.7 Leaf-N produdivity (eaf-N-nse effidency for whole-plant
grouth) in evealypt seedlings varies as a fimetion of COy and N supply,
but with contrasts between species that relate to source habitat

co, N supply  Leaf-N productivity (g dm (mol N)* d1)

(ppmy} (mM) Sp. 1 Sp.2 5p. 3 Sp. 4
330 1.2 1029 100.7 63.3 52.9
330 6.0 8548 94,2 52.6 88.1
660 1.2 162.1 1277 85.4 83.8
660 6.0 112.5 136.6 38.8 78.3

{Adapted from Wong et 2. 1992)
Species 1, Ewcalytus camaldulensis; species 2, E. cypellocarpa; species 3,
E. pulverdlenta; species 4, E. pawdflors.

Leaf N is ultimately responsible for carbon gain, so that
NAR. and leaf-N productivity are funcHonally related. In
those species adapted to fast capture of nutrient-rich sites such
as E. camaldulensis and E. cypellocarpa a capacity for high NAR
based upon efficient use of leaf N (i.e. high leaf-N producciv-
ity) would confer a selective advantage, By conrrast, E. pul-
verulenta and E. pauciflora were collected from resource-poor
sites where fast growth would have been selectively neutral.

6.2.7 WWater

Growth is a turgor-dependent process, and later phases of leaf
expansion that depend principally upon cell enlargement are
especially sensitive to water stress, When planss encounter
water stress, leaf area increase is either diminished or even
ceases well ahead of any cleat reduction in leaf gas exchange.
NAR is thus less sensitive to water stress than RGR ,, a dis-
tnction teported as early as 1943 for greenhouse tobacco
plants at the Waite Institute. In a posthumous paper compiled
by JG Wood, Petrie and Arthur (1943) subjected tobacco to
four watering treatments, namely high-water range, low-
water range, carly temporary drought and late temporary
drought. Growth indices were derived from nine sequential
harvests and plant biomass analysed for total N, protein N, sol-
uble sugars and crude fibre. NAR. was expressed in terms of
area, mass and protein content of leaves,

Total plant biomass at final harvest was greatly reduced by
the low-water treatment due largely to early reductions in leaf
expansion. NAR. (area basis) was not affected to the same
extent as final biomass but NAR. (‘protein’ basis) was substan-
tially reduced because leaf ‘protein’ was increased by water
stress,

Especially significant, and pethaps paradoxically, JG Wood
reported that ‘Both eatly and temporary drought cause an ini-
tal depression in growth rate due to a depression in net assim-
ilation rate; this is followed by an increase in growth rate
greater than that of the high-water plants. This increase is due
to the greater protein content of the plants subjected to tem-
porary drought” A single cycle of eatly drought and subse-
quent recovery resulted in whole-plant RGR. that was stll
comparable to non-stressed controls. Since NAR (area basis)
was relatively insensitive, significant reducdon in final biomass
must have been due to an initial reduction in leaf growth.

Early temporary drought {applied from day 64 to day 8%
in a growing season of 175 d) enhanced growth of both
shoots and roots subsequent to stress relief {rewatering). Total
leaf area at 118 days was 7000 cm? following early droughe,
compared with 5300 cm? in unstressed controls, so that final
size per leaf on upper nodes must have been considerably
greater. A build up of ‘protein’ during drought was thought to
have boosted expansion of later-formed leaves subsequent to
rewatering, but in rewospect, accumulation of osmodcally
active materiak during drought stress was almost cerminly an



added factor in this compensatory growth. For example, some
sunflower cultivars respond to drought stress and recovery
cycles by generating individual leaves that are as much as 60%
larger than leaves on corresponding nodes of unstressed con-
trols (Rawson and Turner 1982). Leaf-growth dynamics that
underlie such a remarkable response are discussed below and
are based on some earlier studies of Takamu et of, (1981).

Takami et al. {1981) grew sunflowers in a greenhouse
under natural light in Canberra (March-May 1980). Seedlings
were initially well watered to ensure good establishment (first
15 d). After thinning to two plants per pot, itrigation was then
withheld from some pots, and unstressed controls were main-
rained near field capacity. Drought stress developed slowly (as
intended) and drought-stressed plants recovered fully within
46 d of irrigation, Just prior to rewatering, pre-dawn leaf tur-
gor was actually higher in swressed plants {0.63 MPa) com-
pared with controls (0.39) notwithstanding a rather lower
bulk leaf water potential (¥, = —0.47 and —0.16 MPa in
sessed and control respectively).

Leaf-growth dynamics (Table 6.8) are based on compar-
isons between mean data for control and stress-recovered
plants, and apply to correspending nodes, namely 5, 13, 17
and 23. Final leaf size varies with node number in sunflower
(Figure 6.7) hence the need for strict correspondence. Leaves
at node 5 (Table 6.8) encountered an intensifying stress soon
after appearance. Stressed plants mainmined similar r, and
failed to reach the same final size (A4,) as well-watered con-
trols. Taking r as indicative of cell division during the expo-
nential phase of lamina expansion with subsequent growth
driven mainly by enlarpement, drought stress has restricted
cell enlargement rather than cell diviston.

Leaves at node 13 on droughted plants (prior to stress rehief
on day 36) were similar in RGR. {r = 0.24 d-1 ¢f.0.26 d-1 in
well-watered controls) but greatly wmstricted in final size (84
cm? cf, 392 cm? in conrrols), again emphasising the sensitivi-
ty of cell enlargement to moisture stress.

Table 6.8  Moisture stress in pot-grown Hehanchus annuus slowed
emergence of new leaves and reduced their final size bt with little effect
on RGR of individual leaves (). This outcome implies that later stages of
leaf expansion (where ell enlargoment mther than @l division predominates)
are especially sensitive to water supply. Similarly, rewntering has little effect
on t, but took effect by node 23 where Aty is reduced and final sixe (A )
is increased substantially compared with well-watered controls

Final size RGR (leafy Phyllochron
Treatment Node A_{cmb) r(d Aty (d)
Watered 5 186 0.26 —_
Stressed 5 154 0.28 —
Watered 13 392 0.26 1.4
Stressed 13 84 024 1.2
Watered 17 14 022 1.4
Post-soess 17 253 0.20 32
Watered 23 198 0.18 1.1
Post-smess 23 228 0,19 0.8

(Adapted from Takami et al. 1981)
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Phyllochron (A, in Equaton 6.14) was litte affected up
to node 13 (Table 6.8) but after-effects of previous stress
became apparent on rate of leaf appearance from node 14 to
node 17, resulting in At, increasing from 1.4 to 3.2 d.
Subsequent leaf appearance {node 17 to node 23) was even
accelerated in stress-recovered plants, resulting in a Af, = 0.8
d ¢f. 1.1 d in non-smessed controls. r at node 23 was
unchanged by stress-recovery treamments but final size was
substantially greater (228 am?) in stress-recovered compared
with non-stressed controls (198 an?). Such compensatory
growth by individual leaves following stress relief would draw
on N-based resources that accumulate during drought, while
turgor-driven expansion to a greater final size would be a
consequence of drought-induced osmotic adjusmment.

6.3 Developmental physiology

Growth is an irreversible increase in plant size accompanied
by a guantitative change in biomass. Development is more sub-
tle and implies an addidonal guaiifative change in plant form
or functon. Development thus lends ‘direction’ to growth and
can apply equally well to a progressive change in gross mor-
phology as to a subde change in organ function, or to a major
phase change from vegetative to reproductive development.

In all cases, resource utilisation and photoassimilate parti-
toning will be affected by growth and development with
consequences for reproductive success in nature or utility in
managed crops. Such outcomes are amenable to guantitative
analysis.

6.3.1 Biomass distribution

R.oots and shoots are functionally interdependent and these
two systems maintain a dynamic balance in biemass which
reflects relative abundance of above-ground resources (light
and CO,) compared with root-zone resources (water and
nutrients}, Whole-plant growth rate and root:shoot mtie are
thus an outcome of genotype X enviroument interaction, but
scurce of control is ambiguous.

According to one argument, internal (genetic} control
over root:shoot ratic will be expressed throughout growth
and development and will thus dictate resource capture both
above and below ground, and hence whole-plant growth rate.
Change in root:shoot ratio during a plant’s life cycle is then
regarded as part of a gene-controlled ontogeny. An alternative
view, and well supperted by observation, is that prowth rates
of roots and shoots continually adjust in response to resource
capture with photoassimilate (hence biomass) allocated on a
‘needs basis’.

In practice, both meodels apply because developmental
morphology is ultimately gene dependent but expression of a
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given genotype will vary in response to growing conditions
(hence phenotypic plasticiry).

Irradiance is a case in point where shoot growth takes pri-
ority in low light, whereas root growth can be favoured under
strong light. For example, Evans and Hughes (1961) grew
Impatiens parviflora at five light levels and demonstrated a
steady increase in oot mass relative to whole-plant mass {root
mass ratio) from 7% to 100% full sun. Stem mass ratio showed
the opposite sequence. Leaf mass rato increased somewhat at
low light, but increased SLA was far more important for
maintenance of whole-plant RGR in this shade-adapted
species {discussed earlier in connection with Table 6.2).

If light effecss on mot:shoot ratio are translated via photo-
synthesis, then CO, should interact with irradiance on
moot:shoot rado because carbon assimilation would be main-
tained by a more modest invesunent in shoots exposed to ele-
vated CQO,. Chrysanthemum morifolium behaved this way for
Hughes and Cockshull (1971), returning a higher NAR. due
to CO, enrichment under growth cabinet conditions despite
lower LAR. which was in turn due to smaller leaf weight
ratio. Adjusument in SLA exceeded that of leaf weight rato,
and so carried more significance for growth responses to itra-
diance X CO,.

In parallel with shoot response to above-ground condi-
tions, root biomass is influenced by below-ground conditions
where low availability of either water or nutrients commouly
leads to greater root:shoot rato. For example, inoculated white
clover {Ttifolium repens) growing on a phosphorus -rich medi-
um increased root:shoot rato from 0.39 to 0.47 in response to
moisture stress; and from 0.31 to 0.52 when moisture stress was
imposed in combination with lower phosphorus {see Table 1
in Davidson 1969}, A positive interaction between low phos-
phorus and low water on mot:shoot ratio was also evident in
perennial ryegrass (Lolium perenne) grown on high nitrogen. In
that case, root:shoot mto increased from 0.82 to 3.44 in
response to moisture stress when plans were grown on low
phosphorus in combination with high nitrogen.

Adding to this nutrient X dmought interaction, a genotype
X phosphorus effect on root:shoot ratio has been demonstrat-
ed by Chapin er al. (1989} for wild and cultvated species of
Hotdeum Weedy batleygrass {FI. leporinum and H. glaucum) was
especially responsive, rootishoot ratio increasing from about
0.75 to 1.5 over 21 d on low phosphorus. By contrast, cult-
vated barley (H. vulpare) remained berween 0.5 and 0.75 over
this same period. Held on high phosphorus, all species
expressed comparable root:shoot mtios which declined from
around 0.55 to about 0.35 over 21 d. High root:shoot ratios
on low phosphorus in weedy accessions would have con-
ferred a selective advantage for whole-plant growth under
those conditions, thus contribudng to their success as weeds.

Even stronger responses to phosphorus nutriden have
been reported for soybean (Fredeen et al. 1989) where plants
on low phosphorus (10 pM KH,PQO,} invested biomass
almost equally between roots and shoots, whereas plants on
high phosphorus (200 pM KH,PQ,} invested almost five

times more biomass in shoots than in roots {daily irradiance
was ¢, 30 mol quanta m™ d~! and would have been conducive
to rapid growth).

Root:shoot ratios are thus indicative of plant response to
growing conditions, but by their very nature ratios are not a
definitive measure because values change as plans grow. In
herbaceous plants, root:shoot rados typically decrease with
age (size} due to sustzined investment of carbon in above-
ground structures {root crops would be a notable exception).
Trees in 2 plantadon forest would also show a progressive
reduction in root:shoot rado, and especially after canopy clo-
sure where a steady increase in stern biomass contrasts with
biomass turnover of canopy and roots and thus predominates
in determining root:shoot ratie.

Meaningful comparisons of root:ishoot ratio must there-
fore be referenced to whole-plant biomass and some exam-
ples cited by Bastow Wilson (1988} meet this criterion, and in
so doing exclude ontogenetic effecs. Broad generalisations
coincide with examples cited above, namely rootishoot rano
increases with nutrient deficiency and moisture stress or
under elevated CO,, but decreases in strong light. Too often,
howevert, reports of treatment effects on root:shoot rago can
be artefacts of contrases in whole-plant biomass. Equally, some
real responses may be obscured. Allometry then becomes a
preferred alternative where repeated measurements of size or
mass provide an unambiguous picture of carbon allocation.

Aliometry
During whole-plant growth in a stable environment, roots
and shoots maintain a dynamic balance such that

y = bt (6.17)

where y is root biomass and x is shoot biomass. More gener-
ally, x and y can be any two parts of the same organism that
are growing differendally with respect to each other, but
root-shoot relations are the most commen candidate in such
analyses of plant growth.

The allometric equation y = bx* (Equation 6.17) can be
In transformed to become

Iny=lnbd+ knx (6.18)

This formulation enables a straight-ine plot of In y as a func-
tion of In x with dope k (i.e. the allometric coefficient) and
intercept In b This empirical medel does not explain the
nature of growth controls between roots and shoots but does
offer a sunple description which is not confounded by plant
size. Moreover, any departure from a partcular mot:shoot
relationship is immediately obvious, and sources of varianon
in mot:shoot ratdo can be resolved into starung conditions
{differences in intercept, In b) versus biomass partitioning dur-
ing growth (differences in slope, &).

Leaf, stem and root growth under controlled conditions in
Eucalyptus grandis seedlings demonstrate such application
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Figure 6.18 Seedlingy of Bucalyptus grandis growing in seroponic culture on
five different nirogen restments thow 2 strict allomewy between root (W)
and leaf growth (F¥p (a) as well as between stem (W) and leal growth (b).
With all other nutrient elements non-limiting, nitrogen was sapplied at Gve
relacive addition rates (d™'), namely 0.12 (open circle), £.10 (solid circle), 0.08
(open trianple), 0.06 (solid wrisnple) and 0.04 (open square). Root:deaf allom-
etry in seedlingy on the Iowest RAR,; (plant [IN] 10 mg g™} shows a similar
dope but a higher intercept compared with plang maintined conti Iy
on the highest RARy (plant [N] 35 mg g). Stem:leaf allometry (b} was
highly conserved regardless of RARN with a slope (k) of 1.261 reflecting a
steady commitment to stern growth over leal growth in these tree seedlings
{Based on Cromer and Jarvis 1990)

{Figure 6.18a,b; Cromer and Jarvis 1990). Nirogen input in
nutrient spray chambers was used as a driving variable for
growth where five relative addition rates (RAR,,) generated
a wide range in whole-plant RGR. (from 0.039 d™! on low-
est RARy, to 0.111 d! on highest RAR ).

Data from all treatments and harvests were pooled to reveal
a strict allometric relatonship between root and leaf growth
{Figure 6.18a) with a nitrogen effect on intercept but not
slope. Nitrogen nutrition had influenced biomass allocation to
the extent that low RARy had initially promoted root
growth relative to leaves (hence higher intercept), but subse-
quent to this early adjustment, and once growth had sta-
bilised, biomass allocation to roots and leaves maintained a
constant relationship irrespective of RAR . In this case k =
0.982, indicating a net bias towards leaf growth over root
growth — a ‘net bias’ because carbon loss via excretion, root
renewal and respiration was not measured so that more pho-
toassimnilate would have been allocated to roots than was fixed
in biomass,

GROWTH ANALYSIS: A QUANTITATIVE APPROACH
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Figure 6.19 Root:shoot allometry in Talian ryegrass (Lalfum snuitiflorwem)
shows an abrupt change with Aowering (log-log plot). A change in sllomet-
ric coefficient (k) for this spocies from 1.121 to 0.553 indicatos  ¢hift in bin-
mass allocation from ot growth towards shoot growth following smer-
gence of inflorescences. Mean values for k during vegerative cf. reproductive
phase from several accompanying species were 1.145 and 0.62% respectively
(Based on Troughton 1956)

Stem and leaf biomass also maintained a strict allometric
relationship (Figure 6.18b) where k = 1.261. A value for k
greater than unity implies a consistent bias towards stemn
growth relative to canopy growth, as would be expected in a
eucalypt with a high rate of stem growth (and favoured in
plantation forestry). Significantly, nitrogen treatment was
without effect on either intercept or slope (Figure 6.18b) and
emphasises the highly conserved relanonship between leaves
and stemn in these seedlings.

Developmental events also influence allometry and Italian
ryegrass (Loliwm muitiflorum) provides a nice example (Figure
6.19) where a log-log plot of root mass as a function of shoot
mass showed an abrupt change in slope when flowering
occurred. In that case, k decreased from 1.121 to 0.553, and
although shoot dry mass was about 10 times root biomass, a
change in allometry was clearly evident.

Allometry is most commonly applied to roots and shoots,
but other functional interrelations within plants are equally
amenable, and especially where non-destructive measure-
ments are involved. Length and breadth of leaves, or lenpth
and circumference of fruits enable calculation of & values that
categorise shape, and can reveal heritabilities in developmen-
tal morphology. The two variables can even carry different
dimensions as in stern volume and leaf area or canopy area and
plant mass. In that case, a ‘ratio’ of area to mass coincides with
leaf area ratio (LAR,, Section 6.1}. Compared with that cumu-
lative but static index, the allometric relationship between
canopy area and plant mass {termed ‘@’ by Whiteliead and
Myerscough 1962) is a more dynamic indicator of"... the pro-
portion of dry weight increment surplus to that required to
maintain the morphogenetic proportions of the plant as an
efficient photosynthetic form alone. When @ is unity all the
dry-weight increment is used up in maintaining the propor-
tons of the plants as a ‘photosynthetic entity’...". Soon after
germination, seedlings gain leaf area at the expense of dry
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mass and ¢ will be <1.0. Similarly, during latter phases of mat-
uration when leaf area can be decreasing while whole-plant
mass is still increasing, @ will again be <1.0, and in both cases
ot is simply reflecting normal ontogenedc drift. However, in a
plant community where individuals are competing for light, if
o remains <1.0 during that early phase of a plant’s lifecycle
when both leaf area and plant mass are increasing exponen-
tially, such individuals will fail to survive. Time trends in ¢ can
thus be used to predict future performance with respect to
biomass gain, or to analyse adjustrnents in biomass distribu-
don under contrasting environmental conditions.

6.3.2 Size and ontogeny

Vascular plants increase in both size and complexity during
vegetative prowth and reproductive developinent, showing
changes in growth indices chat are characteristic of ontoge-
netic drift (sensu Evans 1972), Size is a major factor for RGR
{Table 6.9).This brief survey of wide-ranging taxa shows how
values can range over three orders of magnitude. Single-celled
organisms such as bacteria and algae vary between 5 and 20
d™! (corresponding to a doubling time of 0.14 and 0.04 d
respectively}, By contrast, RGR. for young vascular plants
including crop species marely exceeds 0.4 d”! even during
early vegetative growth and is more commonly around 0.1
d™!. Particular organs on vascular plants can, however, achieve
faster growth and most notably young leaves can double in
size every day or so during their first week of {exponendal)
growth.

With size comes complexity, and especially in vascular
plants where specialised tissues constantly differendate as
organs and participate in resource exchange as either sources
or sinks. Perennial plants represent an extreme case where

Table 6.9 Relative growth rate {4} and thus doubling time (d} vary
widely according to size and complexity of organisms and their component
organs. Unicellwlar bacteria and algae are typically fast whereas multicellu-
lar herbaceous plants take much longer to double their size or dry mass.
Perennial plants are even slower due especially to large investments of bio-
rass in structural components and long-term storage

Crganism Relative growth Doubling
rate time (d)
(typical range, d!)

Bacteria 5-20 0.14-0.04

Algae (single celled) 1—4 0.69-0.17

R.oot apices 1-3 0.69-0.23

Stem apices

and young leaves 0.3-1.0 2.31-0.69

Germinating embryos 0.2-08 3.47-0.87

Crop seedling

and field weeds 0,1-0.4 6.93-1.73

Shade-adapted spp. 0.02-0.04 34.65-17.33

Perennial plants 0.005-0.02 140-35

(Composite data from various sources including Jarvis and Jarvis
1964, Warren Wikon 1972 and Williams 1975)
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Figure 6.20 RGR for whole plants (g g™ d™') is size dependent wnd com-
monly diministhes az growth and reproductive t proceed
{ontogeny), Three lines of a1 semi-dwarf wheat designated hm by three dif-
ferent symbols differ in their complement of dwarfing genes (Rhs) and thus
in final size and sbsclote growth rate, but when referenced to plant mass
there are no intrinsic differences in RGR-

(Based on Bush and Evans 1588)

biomass accumulates as inert structures and where cycles of
differentiation and renewal last years rather than days, Whole-
plant RGR is typically lower in these species. For example,
Jarvis and Jarvis (1964) cite representatve values for birch
seedlings growing in nutrient soludon of ¢. 0.12 ™! compared
with parallel cultures of sunflower of . 0.24 d7.

Even highly selected crop species show an ontogenetic
drift in RGR and a semi-log plot of RGR versus plant mass
for different wheat genotypes (Figure 6.20) illustrates this
principle. Bush and Evans (1988) grew isogenic lines of rall
and dwarf wheat in natural light under Canberra phytotron
conditons using four day/night temperature regimes in com-
binadon with three daylengths (8, 11-12 and 16 h) and with
daily irradiance treattnents that ranged between ¢. 8 and 25
M] m2 d~L. A strong genotype X environment interaction on
whole-plant growth was evident in their experiment, Tall iso-
genic lines were consistently larger due to faster and more
uniform germination (Figure 2 in Bush and Evans 1988) but
whole-plant RGR. was similar for both tall and dwarf lines,
and when plotted as a function of dry mass (log scale in Figure
6.20) genedc differences disappeared.

Orher cases of pene X environment effects on plant growth
do embody genetic differences, but once agam, contrasts in
plant size must be accommodated for valid comparisons of
RGR to emerge. For example, Dijkstra 2nd Lambers (1989)
grew two subspecies of Plantage major {large plantain) in a
controlled environment and established a genetc difference
between the two subspectes (Figure 6.21). B major L. is an
inbreeding perennial that forms a rosette and is distributed
world wide. P major ssp. major L. is slow growing and late flow-
ering, but withstands stresses such as soil compacton and
mowing, and is thus a common weed in lawns and on road
sides. By contrast, P major ssp. pleiosperma (Pilger) is a fast-
growing annual, early lowering and an opportunistc colomnis-
er, producing a great number of small seeds and commonly
found on river banks and ulled ficlds.
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Figure 6.21 Two subspecies of Plzatago major
known to differ with respect to growth rate under
natural conditions were raised in a controlled envi-
r {13 mol q m 41 and 20°C dwy and
night). RGR. diminished with age in all cates (a)
and genetic differences did not become apparent
unti] dara were referenced to plant mass (b). The
higher RGR In F major ssp. plefesperma (solld sym-

0.20 T T T 1 ]
20 27 3 4 5

Daya after sowing

Both subspecies decreased in RGR. with time (Figure
6.21a) regardless of size class, but any clear genetic differences
were obscured in these pooled darta, However, when RGR
data from the two subspecies were plotted as a funcuon of
whole-plant fresh mass {Figure 6.21b) age and/or size effects
were accommodated and an intrinsic difference in RGR
became apparent.

Applying this same rigour in other comparative studies,
Dijkstra and Lambers (1989) report intraspecific differences in
nutritional physiology, growth response to irradiance, toler-
ance to trampling and resistance to soil compaction, By elim-
inating age and/or size as a factor in growth analysis, and thus
removing ontogenetic drift as a confounding variable, geno-
type versus environmental effects on growth indices have
been resolved.

6.3.3 Reproductive development

Annual plants show a sigmoidal increase in total biomass dur-
ing each life cycle (Fipure 6.22) where a near-exponential
vegetative phase (Phase 1) gives way to a reproductive phase
(Phase 2} starting with fower inittation. In effect, Phase 1 sets
a potential for reproductive yield whereas events during Phase
2 determine realisation of that potential because neardy all of
the photoassimilate stored in reproductve structures (90-95%
in cereal grains, for example) comes from carbon fixed subse-
quent to initiation. Reproductive organs then become domi-
nant sinks for current photoassimilate as well as carbon-based
resources previously stored in leaves and stems,

The catbon content of shoot components changes dra-
matically following onset of reproductive development (e.g.

Whole-plant fresh mans (In mg plant™!)

bols) compared with P major ssp. major {open sym-
6 5 bols) was associated with higher SLA and lower
respiratory lowes
{Based on Dijkstra and Lambers 158%)
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Figure 6.22 A nodonal distribudon of biomess during vegeradve growth
und reprod devel in an idealised annual plant such as a cmnl
or grain legume over ¢. 125 d, Whole-plant bi foll a5 1 pat«
tern with a nesr-exponential increase durmg vegentive grmnh and an
asymptotic increase daring sobsequent maturation R d ¢ stroctures
have by then become dominant sinks for photnunmﬂatu, drawing 906-95%
of their carbon from current photosynthesis but alio mobilising stored
asimilate from leaves, stenu and moon, which lose biomass during chat
process

lupin in Figure 6.23) and the dynamic balance between leaves
and stem that had been previously maintained during vegera-
Hve growth is now replaced by an accelerated senescence of
leaves and loss of non-structural cartbohydrates from leaves
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Figure 6.23 An unirrigated crop of lapin (Lupimes angustifolin cv, Unicrop)
at Perth shows major redistribution of plant carbon from vegerarive to
reproductive structures during grun ﬁl.li.llg This coltivar is indeterminate
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plus stems with a resulcant Joss in biomass (see also Rawson
and Evans 1971). At full maturity (24-25 weeks after sowing
in Figure 6.23) reproductive structures account for about 50%
of above-ground biomass {represented in that case as plant
carbon) with seeds accounting for about two-thirds of that
investtnent). A rado of harvested biomass to total shoot mass
or shoot harvest index (shoot HI, sensu Donald 1962) for
these lupm plans was thus about 0.33. Harvest index can
apply equally well to the rado of harvested biomass to total
plant biomass (shoots plus roots) but shoet HI is more com-
mon in agronomy because root dry mass is so difficult to
measure,

[n nature,a combination of ecological factors and life cycle
opdons has led to wide variadon in reproductive effort by
vascular plants so that dry matter invested in reproductive
scructures relative to vegetative biomass will vary accordingly.
For example, late successional rainforest species which com-
bine shade adaptaton with longevity are characterised by
large propapules where massive seed reserves buffer young
seedlings against shortfalls in carbon supply due to deep shade
or dry spells. By contrast, early successional (pioneer) species
on disturbed sites benefit by producing a large number of
widely disseminated seeds. Their reproductive effort is best
invested in number rather than size, and carries an added
advantage that at Jeast some viable seed will be produced even
under stressful conditions. Weedy barleygrass is a case in point
where Chapin ef al. (1989) report that these species produce
4,5-fold more grains, but they are only one-sixth the size of
cultivated barley. Ripening patterns ako differed where grains
matured synchronously in cultivated barley, but matured and
dehisced progressively from tip to base in ears of badeygrass.

respectively, Seed carbon i l exp ially over the period 8-12 weeks
after anchesis coinciding with leaf lo:s and some reduction in scem carbon.
Nearby irrigated lupins retained leaves much longer

{Based on Pate er al. 1980}

Domesticated plants have been subjected to sustined
selection pressures on reproductive development by humans
(Table 6.10) and now reflect wide variation from tuber-form-
ing species such as potate, where over 80% of plant biomass 13
harvested as storage organs, to high-value flower crops such as
wulip where blooms might represent only 20% of che final bio-
mass of whele planre. Mid-range are legumes, cereaks and other
grain crops where human selection for yield has led to a
notable increase in HI. Wheat, for example (Figure 6.24),
increased from berween 0.30 and 0.35 to almost 0.55 over a
century, while badey and rice have shown similar trends,
Gifford {1986) documents yield improvement in cereals,

Toble 6.10  Harvest index, or HI (dry mass of harvested
wonponent/total plant dry mass), vories widely according to trop spedes
and mode of reproduction. Plant breeders select for higher HI as part of
aop improvement strategies and have achieved some substantial gains and
their higher values are Ksted here

Crop plant Harvested component Harvest index
Potata Tubers 0.82
Swert potato Tubers 0.65
Wheat, barley Goin 0.55
Maize Goin 0.52
Peanut Pods 0.50
Sugar beet Root 0.50
Rice Grin Q.50
Sunflower Seeds 0.50
Chryranthemum Flowens 0.46
Cottgg Bolls 0.3
French bean Pods 0.28
Tulip Flowen (.20

{Composite data drawn from 2 variety of sources including Evans
1975, 1993; Gifford 1986 and Warren Wilson 1969)
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Figure 6.24 A cenmry of breeding snd sclection has produced some solid
gmins in harvest index (HI) (ratio of grain to whole-plant biomass} for crop
species incl g barley (dashad line), wheat (solid line) and rice (dotted
Line} as ol bere. I duction of dwarfing genes to reduce lodging under
high-nurrient cultivation was & major factor in this achlevement. Cereal
architecture necemsitates some trade off between stont stems to support
henvy ears and a retention of leaf area io g te pl imilate. HI will
eventually reach a ceiling set by those comstruing

{Based on Evans 1993}

cotton, peanuts and soybean which is similarly due to substan-
tial increase in HI, emphasising (Gifford et . 1984) that parti-
tioning of photoassimilate rather than generation of whole-
plant biomass was responsible for such yield improvement.

Carbon partitioning during reproductive development
thus responds to sink strength which then impinges on final
yield. Other important sources of variation in yield can be
idendfied via a simple yield comnponent model. Taking cere-
als as an example, final yield ({g grain) m2) will be a product
of ears per squa:e metre (ears m %), grains per ¢ar and mass per
grain, Ears m™ is in turn an outcome of planting density
(plants m™), tillers per plant and ears per tiller.

Some yield components such as mass per grain are espe-
cially stable, others such as ears m™ and grains per ear vary
widely with seasonal condidons or according to original
planting density (Table 6.11). In that case (Insignia wheat at
Glen Osmond, South Australia), mass per grain was highly
conserved {33—-35 myg) whereas tillers per plant varied from 41
at lowest planting density to only three at highest density.
Significandy, yield variaion was buffered by compensatory
responses in yield components. For example, effects of low
planting density were offset by production of more tillers per
plant and more ears per tiller. Grains per ear then determine
potential yield so that growing condidons would have
become crucial for realismg such potential via grain retention
and filling.

Genotype X environment interactions lead to huge varia-
tion in cereal grain yield and have been exploited for yield
i.mpmvemént. Universally, high grain number per square
metre is a prerequisite for high yield and can be achieved via
more ears per square metre and/or more grains per ear. In
wheat and barey, grain number per ear has been primarily
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Figure 6.25 Early growth of reproductive tissues relstive to stern mass in
dwarf genotypes foreshadows faster enr development and higher HI. The tall
and productive Mexican spring wheat (Yaqui 50, designated rhi} eventually
produces heavier ears, but returns a lower HI at mavarity, Introduction of
owo major dwarfing genes (Rht I + Rht 2, hence RAc 1 + 2 indicaced here)
resulted in shorter stems. Consequendy, developing ears were subject to less
competiton for photoamimilate during early differsntiation and for grain
filling subsequent to anthesls. S {coincident) harvesrs for these two
Iines are connected by broken lines. Bars represent standard errors

{Bazed on Buth and Evans 1988}

Table 6.11  Yield components of wheat (cv Insignia 49) sown in a red-
broum earth at the Warte Institute, South Australia, varied according to
planting- density. Mass per grain is highly conserved, but plant mortality
plus ompensatory response between tiller number per plant, ears per tiller
and grain number per ear buffers yield against variation in planting densi-

y

Original density at planting {(plants n1%)

1.4 7 35 184 1078
Drensity at harvest 1.4 7 35 i54 447
Tillers per plant 41 30 14 7 3
Ears per tiller 0.7 0.6 0.5 0.3 02
Ears per sq. mene 41 130 252 323 303
Grains per ear 329 378 259 215 18.8
Mags per grain (mg) 34.2 35.0 37 3.2 331
Grain per plant (g) 332 24.7 7.05 1.52 0.42
Grain yicld (g m™® 46 173 247 234 185

Adapred from Puckridge and Donald (1967)

responsible for gains in yield; ears m™ and mass per grain have
not shown consistent increase (see Evans 1993 and literature
cited).

Returning to collective outcomes represented by HI, one
muajor impetus to improved shoot HI, in cereals came from the
introduction of dwarfing genes. In primitive wheats, and tall
plants generally, reproductive structures have to compete with
rapidly extending sterns for photoassimilate, but dwatf cultivars
alleviate such competidon and enable a shift in carbon parti-
tioning to ears. Eatdy growth of cars and stems in two lines of
a Mexican spring wheat (Figure 6.25) illustrate this principle,
A steeper slope in the dwatf line {designated Rht 1+2) comn-
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pared with the tall line (rk) implies greater allocation of pho-
toassimilate to ear growth relative to stem growth, Expression
of two dominant dwarfing genes in Rht 1+2 (L.e. Rht 1 plus
Rbt 2) resulted in stem shortening and was accompanied by an
altered physiclogy where leaf and stem tissue proved insensi-
tive to gibberellic acid. Such genotypes are reminiscent of
dwarf whears bred in Japan during the nineteenth century and
used there for intensive culavadon (see Evans 1977).

Tall wheat commeonly lodges in nitrogen-rich condidons,
and dwarf wheats were originally developed to overcome this
problem. Agronomists and crop physiologists subsequently
recognised the yield advantape from improved partiioning of
photoassimilate, Continuing selection for shoot HI in short
bread wheats of northwest Mexico (Sayre ef al. 1997) has
resulted in grain yield increase from around 600 to almost 800
g m—2 between 1960 and 1990 (kernel number per square
metre of land was also increased), while Watanabe ef al. (1994)
have documented comparative performance of Australian
wheat culdvars developed between the 1850s and 1990s with
similar conclusions. New cultivars outyielded old culuvars
due to greater shoot HI rather than toral biomass, while
Ausdn et al. (1980) document genetic improvement of winter
wheat in Britain over the preceding 80 years with a similar
conclusion.

Modern hexaploid wheats are widely recognised as out-
yielding their diploid relatives due te higher HI and extend-
ed leaf area duration, bur reduced photosynthetic capacity
(area basis) has alsc been reported. Given such correladion,
some researchers imagined there might even be a trade off
between HI and leaf assimilation but lacked definitive infor-
mation, and especially data on nitrogen-use efficiency. Leaf
nitrogen is a key driving variable for photosynthetic activity
and comparisons between genotypes or contrasts between
successive developmental stages on a given plant need to
accommodate variation in Jeaf nitrogen.

Evans (1985) clarified this issue by growing modern hexa-
ploid wheat (Triticum aestivuni) and less-developed diploid rel-
atives (induding T monococaum) on high, medium and low
nitrogen supply and then comparing light-saturated rates of
photosynthesis as a fiinction of leaf nitrogen on an area basis
(Figure 5 in Evans 1985). Genetic differences were apparent,
but in che critical comparison between T aestivum and T
monccoccum, gas exchange data overlapped almest completely,
indicating no intrinsic difference in photosynthetic properties
between these two species.

As expected in Evanss (1985) experiments, extensive
tillering on high nitrogen in T monococum (52 heads per
plant} resulted in higher grain yield (27.0 g per plant}) com-
pared with T, aestivun (12.3 g per plant). Nevertheless field
trials showing greater HI in T gestivum were confirmed by
these pot experiments where T gestivum returned 0.50 cf.
0.31 in T monococcum, Superior field yield in hexaploid wheats
can thus be attributed to a greater shoot HI and leaf area
duration with no trade off in photosynthetic capacity,

Shoet HI has become an important selection criterion for

plant breeders and focuses our attention on where shoot HI
will eventually plateau. Enlarged cars or pamcles call for
robust stemns, while generating photoassimilate necessitates a
canopy, so that investment in vegetative organs will remain
substantial 2nd will impose a ceiling on shoot HI which is
estimated at about 0.62 for wheat {Austin ef al, 1980).

Clearly some room stll exists for further improvement in
shoot HI compared with 1980's values (Figure 6.24) but there
is a corollary. If shoot biomass continues to remain
unchanged, further improvement in HI implies some reduc-
tion in leaf + stem mass. Considering leaves, SLA will have a
finite limit for structural reasons so that the area of CO,-
assimilating dssue servicing those enlarped sinks must also
reduce as mass is reduced. Net assimiladon per unit area
(NAR) will therefore need to increase even further if poten-
dally higher yields are to be realised.

To this end, NAR can be regarded as a product of inher-
ent capacity for net photosynthesis which is expressed to a
greater or lesser extent according to canopy light climate,
Significantly, net photosynthesis embodies respiratory losses
where both gain and loss of photoassimilate are a further
expression of penotype X environment interactions and are
subject to human selection pressures, Variation in community
NAR,, and thus prospects for further improvement in net car-
bon assimilation, can come from either photosynthetic or res-
piratory sources. Crop growth analysis (Secdon 6.4} deals
with canopy architecture and light climate as factors in car-
bon gain, while growth efficiency and respiradon (Section
6.3) covers carbon losses.

6.4 Crop growth analysis

Growth indices devised with single (isolated} plants (Secdon
6.1 et seq.) have helped identify genetic and environmental
factors as sources of variation in NAR and/or LAR with
consequences for RGR. of both whole plants and their com-
ponent organs. Leafiness was seen as a self-evident and impor-
tant force for single plants when grown free from interference
by neighbouring planrs, and was quantified as LAR.. However,
plants rarely complete their life cycles as isolated individuals
in either natural or managed ecosystems, growing instead as
communities where mutual interference cannot be avoided.
Biomass formed per unit area of land is then of more practi-
cal relevance than productivity per plant.

6.4.1 Concepts

By analogy with single plants growing exponentally where
RGR = NAR x LAR (Equaton 6.12), instantaneous rate of
dry matter production by a community of plants or crop
growth rate (CGR,, sensu Watson 1958} can be summarised as



CGR. = NAR x LAI (6.19)

where LAI or leaf area index (sensu Watson 1947} is a dimen-
sionless ratio of total (projected) leaf area per unit ground
area.

Some crops do sustain gas exchange on both leaf surfaces
(amphistomatous) but LAI relates more fundamentally to fight
absorption than to CO, assimilation and is always based on
total projected leaf area (j.e. single-sided leaf area).

RGR of single plants (d°!, or more explicity g g™ d™)
and absolute growth rate of a plant community, or CGR (g
m2 d1), are interrelated. For a given crop biomass (g m™2) the
collective RGRs of individuals in a crop translate to CGR
where

CGR = Biomass X RGR (6.20)

Put more explicidy with A as canopy area, W as plant mass,
N as the number of plants per unit ground area and di#7/df as
rate of total biomass accumulation per unit time (f), then:

dWw A

N? = NWx WX A dr (6.21)
so that
CGR = Biomass X LAR x NAR (6.22)
= Biomass X RGR

6.4.2 Light-use efficiency

Again by analogy with growth analysis of single plants where
LAR denotes ‘leafiness’ of individuals, LAI represents com-
munity leafiness and helps define light profiles within crop
communities (cf. Section 1.1). Monsi and Saeki {1953) are
credited with formalising an expression analogous to Beer’s
law and based on LAI for attenuadon of light wich depth in
ctop canopies, namely

I=e* ; (6.23)

where I is irradiance above a canopy and I is irradiance
beneath a canopy of LAl = L. The exdncdon coefficient &
ranges between about 0.2 and 1.8 according to size, pose and
light absorpton by individual leaves (larger values for big
thick horizontal leaves and smaller values for small thin pen-
dant leaves).

Notwithstanding wide variation in canepy architecture,
Equation 6.23 provides a robust model for canopy light cli-
mate and accordingly CGR. can now be expressed in func-
tional terms where

CGR =, (1 ~ el {6.24)
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Figure 6.26 Crop growth rate (g dry matter m™ d°!) Is linearly related to
irradiznce ahworbed (M) 2 d°Y) for a wide range of crop communities.
Efficiency of light utilisation (g, g MJ™") is represented by the slope of that
relationship and is equivalent (0 3 g M {or 5%} in this example

{Based on Evans 1993)

The terms in brackets (Equation 6.24) smmmarise light
absorption whereas £ represents the efficiency with which
absorbed light is utilised for dry matter production. € is
inferred fromn the slope of a reladonship showing CGR. as a
fancton of absotbed light such as that in Figure 6.26. In that
particular case, irradiance was used with about 5% efficiency in
generating 3 g dry matter per MJ absorbed (i.e.€ =3 g MJ™).

LAI (L in Equation 6.24) and extincdon coefficient (k in
Equation 6.24) will both vary according to leaf attributes,
planting density and subsequent canopy development.
Similarly, € will vary according to mode of photosynthesis,
nutrient supply and state of development. Typical values
(Table 6.12) range from 4.15 in rice (C;) or 3.40 in maize
{C,) down to 1.63 in clover and 1.29 {g MJ™) in soybean.
High efficiency in rice and maize relate to inherenty fast
photosynthesis in well-nourished crops whereas an apparent-
ly low efficiency in clover and soybean reflect the carbon cost
of biological nitrogen fixation and generally slower photosyn-
thesis (area basis) in those species.

Table 6.12  Communities of aop plants vary widely in their efpcency of
light utilisation _for dry watter production (&) due to differences in aanopy
architecture, photosynthetic attributes and respiratory losses

Crop species E (g MI™)
Rice (Oryza sativg) 4.15
Maize (Zea mays} 3.40
Sweet potato (fpomea batatas) 3.06
Kale {Brassica olerared) 2.65
Sunflower {Helfatthis annumus) 2,59
Cotton (Gossypium hirsiitum) 2.52
Sub clover (Trifolium subterrancim) 1.63
Soybean (Glycine max) 1.29

(Adapted from Warren Wilson 1969)
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Figure 6.27 Crop growth rate (g dry matter m™ d™) is a function of LAI
{ratio of canopy area to ground area) whero slope and wymptote vary
according to light-corversion efficiency and canopy architecture

(Based on Evans 1993)

Crop growth data compiled from a number of sources
(Figure 6.27} reveal LAl as a key driving variable, and espe-
cially prior to canopy closure where better lluminaton of
individual plants is compounded by vigorous early growth
and development. Radiation climate, canopy architecture and
light-use efficiency would all contribute to these species dif-
ferences, but in broad terms, low values for CGR. in cassava
and oil palm reflect annual averages and would increase some-
what if leaf litter had been included in above-ground biomass.
Even so, perennial plants such as oil palm commeonly photo-
synthesise more slowly than annual crop plants {leaf area basis)
and thus achieve rather lower CGR.. By contrast, C, photo-
synthesis m maize and sorghum obvicusly confers an advan-
tage on these two species where an inherently high capacity
for CO, assimilaton is coupled with higher rates of leaf
emergence and expansion plus more effective export of pho-
toassimilate from source leaves. Net efficiency of light-energy
conversion to biomass in chis particular high-performance
maize crop was around 8%, and somewhat higher than data
cited in Table 6.12 with € = 3.40 g MJ™, representing a light-
energy conversion efficiency of 5.7%.

6.4.3 Potential crop growth rate

Genetic factors dictate potential yield, which in turn is set for
every genotype by the intrinsic efficiency of light-energy con-
version and net generation of photoassimilate. In wellnour-
ished crops, yield is ulimately limited by community use of
light energy. Such utilisadon can be represented at successive
levels of organisation {cf. Warren Wilson 1969} as follows. Take

Table 6.13  Dry matter production collated for u number of natural and
managed ccosystems shows wide variation acording to habitat conditions.
Peak daily rales during growing seasons are commonly wsich higher with
crops ranging between 5 and 15 g w2 472, and natural ecosystems
between 1 and 10g w2 4!

Annual productivicy

Ecosystem {g dry matter m™ y")
Tropical
Perennizl crops 8000
Rainforest 3500
Annuzl crops 3000
Tempenate
Perennial crops 3000
Annual crops 2000
Grassland 2000
Evergreen forest 2000
Deciduous forest 1500
Savanna 1000
Arctic and arid
Desert 100

{Adapted from Warren Wilson 1967, 1969}

an annual irradiance of 3.30 X 10* MJ m™ y™! as representa-
tive of mid-laitudes {10-30°). Consider a perennial mopical
crop that maincains a complete canopy for $0% of each year,
so that light enerpy available to that crop will be 0.9 x 3.30 =
2.97 x 103 MJ m™ y~!. ‘Taking LAI = 5 with an extinction
coefficient k of 0.46 {recall Equation 6.24} intercepted energy
will be 0.9 % 2.97 = 2.67 X 10* MJ] m™ y~'. Taking an efficien-
cy of light-energy conversion to dry matter {€) of 4.15 g MJ™
(recall rice in Table 6.12), dry marer production should be
4.15 X 2.67 x 103 or about 11 000 g m2 y!,

Compare that estimate with observed values for both nat-
ural and managed ecosystems (Table 6.13) where roral dry
matter production per year ranges from 8000 g m™? y! in
perennial nopical crops down to 1500 g m™2 y™!
deciduons forests. Soil—plant—atmosphere water relations,
nutrient supply, canopy light dlimate and duration of growing
season will all concribute fnter alia to variaton in Table 6.13,
but limitations imposed by light-energy conversion efficiency
will be common to all. Photosynthetc energy transductdon
has an absolute requirement for 8-12 quanta per molecule of
CO, fixed, but this photochemical restricdon is compounded
to a varying extent by CO, diffusion linitations. Some scope
thus exists for improving dry matter production via leaf phys-
iology, and in pgreenhouse crops via CO, enrichment.
Greenhouse microclimate is conducive to year-round pro-
duction, with annual productivity commonly two to three
tmes higher in greenhouse than in field, and even further
enhanced under elevated CO,. For example, Warren Wilson et
al. (1992) compared ambient with CO-enriched greenhouse
crops, and showed that mean efficiency of light udilisation {net
photosynthesis per unit intercepted light) for a number of
crop species increased from 8.06 to 10.90 pg CO, J™'. By
contrast, well-managed field crops returned on average only
7.10 pg CO, J™'. Duration of cropping season would amplify
these greenhouse—field differences even further in terms of
annual productivity.

in temperate



6.4.4 Respiratory losses

Notwithstanding genetic differences in component processes
of photosynthesis, net efficiency of light-energy converion to
biomass will impose a ceiling on CGR. Respiratery losses
will feature in chat overall net efficiency must be included in
any process-based model of crop growth. Taking well-docu-
mented cases of canopy light climate and combining those
profiles with light response curves for photosynthesis by sin-
gle leaves, early modellers further assumed chat respiratory loss
would also be proportional to LAT and predicted an optimum
LAI for different crop types.

Experience showed otherwise (Figure 6.27) with CGR
increasing asymptotically with LAT for a wide range of crop
species rather than showing an optimum. Why is there this
discrepancy between theory and practice? In a dassic case
where model making was no substitute for experimentation
but did suppest what experiment had to be done, flawed est-
mates of respiration proved responsible.
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Figure 628 Community gas exchange by cotuom plants in a growth cabinet
{duplicate measurements at 20°C; low (200), medium (350)and high (550}
photon ireadiance (umol m™ 5™ plus dark respiration as indicated) shows
an agymptotic relationahip to LAI (ratio of canopy ares to ground srea) with
mudmom net agsimilation reached around LAT = 3.5, AddiGonal measure~
ments at higher temperatares (30°C and 40°C) amplified differences due to
photon irradiance and showed sonmie reduction in net photosynchesis st high
LAI Respiration at xero LAI represents CO; efflux from sterns and roats
{Based on Ludwig e al. 19635)
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Using a highly novel approach to this issue, Ludwig et dl.
{1965} started with the intact canopy of an artificial commu-
nity of catton plants and varied LAI by removing successive
layers of foliage from bottom to top. They demonstrated that
respiratory losses from lower (shaded) leaves in artifictal cot-
ton communities downregulated in proportion to light atten-
uaton. Lower leaves, both older and more shaded than their
better-exposed counterparts towards the top of a canopy, thus
impose 2 smaller respiratory load than would be predicted by
LAI alone. Censequently, daytime CO, assimilation {net pho-
tosynthesis) and night-time respiratory loss by an entire com-
munity both show an asymptotic relationship with increased
LAI (Figure 6.28). King and Evans (1967) subsequently
confirmed this same reladonship for artificial communities of
wheat, lucerne and subterranean clover where community
net photosynthesis approached a maximum at LAI values of
about 8,9 and 5 respectively.

By implication, there is no clear opimum LAI for CGR
either, although harvest index (shoot HI in Section 6.3.3) can
decrease in dense plantings (high LAI} due to restricions on
reproductive development by individual plants. Grain yield
per unit area of land can thus show an optimum LAl even
though CGR tends to an asymptote,

Respiratory costs associated with plant growth and re-
productive development are thus crucial to both biomass
accumnulation and yield outcomes, representing a surprisingly
large fraction of carbon fixed by leaf assimilation and especial-
ly under suboptimal growing conditions. Genetic differences
in respiratory efficiency thus interact with envimnmental
conditions in determining growth and reproductive success in
nature as well as the comparative performance of crop plants.
Underying processes responsible for such differences in pro-
duction and utilisation of respiratory energy are discussed in
Secton 6.5.

6.5 Respiratory efficiency and
plant growth

Production of photoassimilate depends upon capture of light
energy but subsequent use by plants necessitates expenditure
of metabolic energy. Fixed carbon meets this need, so chat
costs associated with growth and maintenance of vascular
plants can be represented as biomass equivalents. Generalised
values for such dry matter utlisaton during growth and
development (Table 6.14) show that respiratory demand is
substantial, According to these estimates, a germinating seedling
with starting biomass of 1 g would in one day gain a further
0.2 g in structural growth plus 0.05 g in storage, resulting in
an RGR of 0.25 g ¢! d”\. However, respiratory losses sup-
porting that strong RGR would have been equivalent to .10
g g7 d7). Using similar logic, the young vepetative plant in
Table 6.14 has achieved an RGR of 0.2 g ¢! & at a respi-
ratory cost equivalent to 0.08 g ¢! d”, and in a mature plant
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with storage organs that are importing photoassimilate, RGR
has fallen to 0.15 g g~! d™! with a respiratory cost equivalent
0 0.04ggt 4

During such growth and development {Table 6.14} a
downward drift in RGR has been accompanied by a similar
fall in whole-plant respiration, although component costs
have changed, Structural growth decreased whereas storage
increased. Overall, respiradon accounts for a significant fraction
of photoassimilate. Commonly one-third and under stressful
conditions as much as cwo-thirds of a plant’s daily fixed CO,
can be respired during the same period (Van der Werf et al.
1994).

Table 6.14  Generlised values for dry wass utilisation relative to whole-
plant mass (g 77 d7) at three stages of development from gennination to
maturation. New photoassimilate generated each day is allocated to
growth, storage and respiration in biowass equivalents relative to each gram
of existing biomass, as shoun. Etbrye growth in the germinating seedling
is drawing or seed reserves that were rot included in these notioral calm-
lations

Stage of development Growth Storage Respination
Seedling {germinaring) 0.20 0.05 0.10
Vegerative growth 0.15 0.05 0.08
Maturation and storage 0.05 0.10 0.04

{Adapted from Warren Wilson 1969)

Processes supporting a net gain in new biomass (dW, g)
per unit time {d¢, d} can be represented as:

=2 =4-R

- (6.25)

where A is daily carbon assimilation and R is whole-plant res-
piratory loss, so that net gain per unit existing plant biomass
per unit time (or RGR,, g g~! d™!) becomes

(6.26)

If A and R are expressed as mmol carbon g™ dry matter per
day, then Equation 6.26 becomes

RGR = (4 - R)/C,, (6.27)

where C, is plant carbon concentration in mmol C (g dry
matter)™!.

A and R can be determined from direct measurement of
whole-plant gas exchange, and the example below uses a
value of 34.8 mmol C (g plant)™). Whole-plant RGR. can
now be linked to gas exchange data for shoot assimilation (A),
shoot respiration (Ry,,,) 2nd root respiration (R,) accord-
ing to the expression

RGR = {A - (Ryon + Rpod)/ Cup (6.28)

6.5.1 Carbon economy of fast-
versus slow-growing plants

An inherent capacity for fast growth confers a selective advan-
tage on plants in favourable environments such as warm moist
lowlands, but would be selectively neutral in restrictve envi-
ronments such as nutritdonally poor sites or alpine regions.
Accordingly, fast~-growing species achieve a higher RGR. under
optimum conditions than do slow-growing species under
similar conditons. In either case, catbon loss via respiration is
considerable with genetic differences in generation and uih-
sation of respiratory energy contributing to these differences
in RGR.

Fast-growing species achieve a higher RGR than slow-
growing species because their net rate of CQ, uptake per unit
of shoot and whole-plant mass is greater (Figure 6.29). By
definition, net carbon fixed per day must depend to some
extent on the proportion of fixed CO, that is subsequently
lost by respiration, so that differences in respiratory CO, loss
have an important impact on net carbon gain, and can be
linked quandtatively to RGR.. Dara shown in Figure 6.29 can
be used to calculate RGR. for each species at the time of
photosynthesis and respiration measurements if the plant’s
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Figure £.29 Dally carbon econormy of plant species that differ with respect
to inherent maximom RGR (g g d™'). The fast-growing grau and fast-
growing herb both exhibit higher rates of gross photosynthetic CO; uptal
per unit plant mags (1.¢. net photosynthesis plus shoot dark respiration) than
their wow-growing coonterparts, Fat-growing species lose a smaller per-
centage of duily fixed carbon via respiration (val h above each respi-
ration bar)

(Based on daa in Adkin ef of. (1996) for dow-growing Ausmalian alpine and fagr-
growing lowland Ppa species, and Poorter ef af. (1990) for the slow-growing hab
Pimpinella soxiffaga versus che fast-growing herb Galinsoga parviflor)




carbon concentration is known. As outlined above, RGR is
related to photosynchesis, respiration and carbon content where

RGR = (Daily CO, gain — Daily CO, loss by roots
and shoots)/(Carbon concentration) {6.29)

Taking the fast-growing grass in Figure 6.29, RGR. = 0.22 ¢
g~ day™! according to:

RGR = (11.1 — (1.75 + 1.68) mmol C g™
plant d71}/(34.8 mmol C g™ plang)
= 0.22 g plant g plant d-! (6.30)

This prediction of 0.22 d™! for RGR represents an instantaneous
value derived from whole-plant gas exchanpe measurements,
whereas 0.255 in Figure 6.29 represents an average RGR
from growth analysts over several days. Gas exchange values are
generally within 10% of RGR. values from sequental harvests.

Net carbon gain per day and hence NAR is clearly a con-
sequence of daily photosynthesis minus whole-plant respira-
tory loss, but herbs and grasses differ in the degree to which
respiratory losses account for differences in RGR.
Considering grasses (Figure 6.29 left side), 56% of daily fixed
CO; is lost by respiration in the slow-growing alpine species
whereas only 30% of daily fixed CO, is respired by the fast-
growing lowland grass species. Over half of the carbon loss is
atributable to roots in both species and, overall, respiration
rate per unit plant mass is slightly higher in the slow-growing
grass species.

Herbs in Figure 6.29 (right side} differ from grasses
because the fast-growing herb respires faster than the slow-
growing herb (on a mass basis) so that differences in percent-
age loss of carbon between these species cannot be due to dif-
ferences in respiration rates per se. Significantly, however, the
fast-growing herb still [oses a smaller percentage of daily fixed
carbon due to whole-plant respiration because daily CO,
assimilation (mass basis) is especially high. A notably higher
SLA in this fast-growing herb contributes to faster photo-
synthesis on a mass basis (Figure 6.29).

A lower percentage loss of daily fixed carbon due to respi-
ration in fast-growing grasses and fast~prowing herbs does
imply that carbon metabolism is more effective in these
species than in their slow-growing counterparts, and setves as
a model for generalisations. Such fast-growing plants may be
more efficient in how they generate and/or wse respiratory

enerpy.

6.5.2 Energy generation

Photoassimilate is used to generate respiratory products needed
for plant growth (Figure 6.30). Carbon is exported from
chloroplasts to the cytosol and mitochondria, and' used to

GROWTH AMNALYSIS: A QUANTITATIVE AFFROACH

generate ATP, redax equivalents (in particular NADH) and
carbon skeletons via glycolysis, mitochondrial tricarbaxylic acid
(T'CA) activity and mitochondrial electron mansport. Generation
of these respiratory products necessitates CO; loss during gly-
colysis and passage of metabolites around the TCA cycle.
Mitochondria subsequently facilitate electron transport from
NADH or FADH, to ubiquinone (Figure 6.31). From there,
electrons can be transferred via the cytochrome pathway to
complexes III and IV, ultimately reducing O to H;O. Complex
1, complex I and complex IV are all coupled to proton trans-
location and thus ATP synthesis. However, when electrons go
via the NADH dehydrogenase step (rotenone resistant), or vaa
succinate dehydrogenase {Complex II) or via the alternative
axidase pathway, protons are not translocated and thus ATP is
not synthesiscdﬁErrlg-agement of these non-phosphorylating
pathways will result in loss of energy as heat without any
accompanying yield of ATP. Heat generation by the Arum lily
spadix (see Feature essay 2.2} is an extreme case of such ther-

B f mogenesis. " * == -

Conceivably, plants which contrast in RGR. also differ in
the degree to which they engape alternative versus cytochrome
pathways, but definitive evidence is sdll lacking. Existing esti-
mates of electron partidoning between the alternative and
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Figure 6.30 Simplified view of procestes imvolved in carbon gain and gen-
eration of respiratory epergy. CO; amimilated by chloroplasts 4 used to pro-
dace b ich pounds (photoamimilates} that are subseguently
exported to the cytosal and mitochondria. CO, is then lost during break-
down of these carbon-rich compounds by glycalysis and mitachondrial res-
piration. Reloawr of CO, and uptake of O; by mitochondria are coupled to
production of usable energy {ATP, NADH). Carbon skelstons (necessary for
p In synthesis} are also produced during mitochondrial respiraton
(Oxiginal drawing conrtety Owen Arking
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Figure 6.31 Puathwwys of elecron tranaport on the inner membrane of plant
mitochondria. Electrons from1 NADH or FADH,; are uanverred to the
abiguinone pocl {UQ) via complexes I and II, respectively. Electrons can
then be ransferred to Oy via vither the aliernative pathway or via complex
IV in the cytochrome pathway. Energy is ultimately conserved as ATP when-
ever electrons pass via complex I, complex I or complex TV, In contrast,
energy is lost as heat when the comngplex I bypam or alternative pathway is
engaged. The alternacive pathway can be inhibited by salicylhydroxamic acid
(SHAM), whereas the cytochrome pathway is inhibited by cyanide

(Criginal drawing courtesy Owen Ackin)

cytochrome pathways based on respiratory inhibitors such as
cyanide and solicylhydaxamic acid (SHAM) (Figure 6.31 leg-
end) are ambiguous (see Millar ef al. 1995a; Hoefnagel et al.
1995). Nevertheless, theoretical implications of alternative versus
cytochrome pathway engagement can be calculated. Fast-
versus slow-growing species would differ in the efficiency of
ATP generation. An efficient, fast-growing species could gener-
ate 32-36 molecules of ATP for each molecule of glucose that
enters glycolysis provided all the electrons pass through com-
plex I to the ubiquinone pool and then 100% go via the
cytochrome pathway. Less ATP is produced (i.e. 32 molecules)
if glycolytic NADH is used for cytosolic reduction processes
whereas more ATP is produced (i.e. 36 molecules) if gly-
colytic NADH goes vo ATP production in mitochondria. By
contrast, in an inefficient slow-growing species, diversion of
70% of electrons in the ubiquinone pool to the alternative
oxidase (with only 30% passing via the cyrochrome pathway)
would result in only 16~18 molecules of ATP being generat-
ed per molecule of glucose.

Variations in engagement of the alternative oxidase (or
other non-phosphorylating pathways) could thus have a sign-
ificant impact on ATP generated per mole of CO, released
during respiration. Slower respiration in fast-growing species
(e the herb in Figure 6.29) could be due in part to increased
efficiency of energy generation due to greater engagement of
the cytochrome pathway.

6.5.3 Energy utilisation

Fast-growing species could also use respiratory energy more
efficiently for maintenance, growth and ion uptake. Variatons
in efficiency of energy use reflect differences in the proportion
of whole-plant respiration that is allocated te these three
pracesses and/or the specific costs of each process {Amthor
1989).

Maintenance respiration represents the porton of respirato-
ry CO, release that is coupled to (1) producdon of energy
(ATP and reducing powet) necessary for maintenance of
chemical and electrochemical gradients across membranes, (2)
turnover of cellular constituents such as proteins and (3)
processes involved in physiological acclimation to changing or
harsh environments (Penning de Viies 1975). Energy needed
for maintenance is contolled by the specific costs of process-
es taking place and is generally regarded as proportional to tis-
sue mass.

Protein turnover is an energy-intensive process accounting
for 60-80% of maintenance respiration {Penning de Vries
1975). Demand for respiratory energy associated with protein
turnover will depend on turnover rate, respiratory costs asso-
ciated with turmover, as well as the toral amount of proteins
undergoing turnover. Enzymes such as nitrate reductase (a key
enzyme involved in nitrogen assimilation) have a very high
turnover rate (Amthor 1984). As a result, plants assimilating
nitrate have higher maintenance requiremnents than ammoni-
um-grown plancs (Hansen 1579).

Translocation of photoassimilate is also a potentially expen-
sive process that accounts for approximately 30% of total dark
respiration in several starch-storing plant species (Bouma
1995) and would represent a substantial drain en photo-~
assimilate that could otherwise go into storage organs (Table
6.14). Phloem loading and uuloading is largely responsible for
this high cost because tansport of sugars between symplasm
and apoplasm depends on commansport of H*. Movernent of
H* is in turn dependent on ATP being consumed in the sym-
plasm (Chapter 5). Traffic in photoassimilate thus increases
demand for maintenance respiration

Energy costs associated with nutrient aquisition are often
very high because ions have to be transperted across root cell
membranes using active transport systems that require substan-
tial amounts of ATP. Energy requirermnent for ion uptake will
depend on several factors, including the -degree to which
absotbed nutrients are rleased back to the seil and the degree
to which protons and anions are cotransported into roots.

Growth respirtion covers synthesis of new biomass from
photosynthate and mineral nutrienes and is regarded as pro-
portional to the rate at which new material is being formed.
Specific respiratory costs associated with growth (i.e. con-
struction cost) will depend to a large extent on the chemical
composition of plant material and by implicatien the amount
of energy embedded in these molecules (Table 6.15). Com-~
pounds with a high carbon concentration require more ATP
and reducing power for their synthesis (Lambers and Poorter



Table 6.15  Construction costs (grams of glucose needed to synthesise a
gram of a given compound) for different groups of compounds in plant tis-
SHES

Compound Conistruction costs
Lipids 3.030
Lignin 2.119
Protein {using NOy7) 2.475
Protein {using INH,*) 1.623
Cellulose 1.220
Non-suctual carbohydrates (¢.g. sucrose) 1.090
Organic acids 0.906
Mineral uptake 0.100

{Adapted from Poorter 1994; Penning de Vries et al. 1974}

1992). For example, biomass stored as lipid represents an
invesoment of almost three dmes as much energy as would be
required for storage of the same mass of non-structural carbo-
hydrate, Plant growth analysis based on dry mass accumulation
takes no account of such differences in chemical compositon
of end-products, so that comparisons of growth efficiencies based
solely on RGR of biomass must be viewed circumspectly.
Constructicn cost, and thus growth respiration, also varies
according to the chemical form of available nitrogen (e.g. N,
NO,™ and/or NH,*} and sites of assimiladon. Nitrogen
reducdon is an energedically expensive process, requiring con-
siderable input of respiratory energy (e.g. ATP + reductant)
and TCA cycle intermediates. Plants fixing aomospheric N, in
their roots demand much ATP, namely 12.5-26.5 mol ATP
per mol of NH,* produced, and a further 2.5-3.0 inol ATP
for subsequent assimilation into mitrogen-based metabolites
such as amino acids and proteins. NO,~ reduction to NH,* is
cheaper, costing around 12 mol ATP per mol NH,* produced.
Respintory costs associated with NOy~ assimilation can
be substantally reduced if reduction of NOy~ to NH,* and
subsequent assimilation of NH,* into amino acids takes place
in leaves. Reducton and assimilaon of NO ;™ can then utilise
excess photosynthetic reductant and ATP. Growth respiration
associated with synthesis of nitrogen-based resources is thus
greatdy reduced by shoot assimilation of NQ4™. Sun-adapted
(fast-growing) plants show this feature (Chapter 16).

6.5.4 Methodology

Growth respiradon can be distinguished from maintenance
respiration by relating variation in respiration rate to variation
in RGR over short time intervals (Figure 6.32; Penning de
Vries 1975). This approach assumes a model for respiraion
where:

R espiration rate = Maintenance respiration +
Specific costs of growth X RGR (6.31)

Decreases in RGR {e.g. due to growth under different irradi-
ance or during ageing} are assumed to decrease demand for
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(Original drawing courtesy Owen Adkin)

growth respiradon, whereas demand for maintenance respira-
tion is assumed to remain constant at different RGR. values.
Based on these assumptions, the maintenance component can
be estimated by extrapolating the respiradon rate back to a
point where no growth occurs (I mmol CO, g d in
Figure 6.32). Specific respiratory costs associated with growth
can be estmated from the slope of the respiration—
RGR plot {25 mmol CO, g™ in Figure 6.5.4).

An alternarive approach to maintenance and growth com-
penents of respiraden involves helding plants in extended
darkness, Most annual plants use up their readily available ener-
gy sources after about 2 d and shoot growth will cease. Rate
of CO, release would then reflect the maintenance compo-
nent of datk respiration. The difference in dark respiration
rates before and after 2 d darkness would be the growth com-
ponent.

Such methods incorporate specific costs of ion uptake into
estimates of prowth respiration, but do not isolate the ion
uptake component of root respiration. lon uptake respiration
can be separated from growth by partifoning root respiration
into growth, maintenance and ion uptake components, The
approach adopted by Veen {1980) assumes a model where

Root respiration rate = Maintenance respiration +
Specific costs of growth X Root relagve growth rate+
Specific costs of ion uptake X Ion uptake rate  (6.32)

A multiple regression analysis approach can be used to separate
these components (Figure 6.33). Root respiration is taken as
a dependent variable; while RGR. and ion uptake rate are
independent variables (Van der Werf ¢f al. 1994), The mainte-
nance component of root respiration is taken as the rate of
respiration when growth and ion uptake are extrapolated back
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to zero. Specific costs of growth and ion uptake are taken as
the stope of the respiration versus growth and jon uptake
repressions, respectively.
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Figure 6.33 Determination of g h, i and ion ke com-
p of root respiration. Mai respiration is taken as the race of

respiration when ion uptake rate and relative growth rate (RGR) are extrap-
olated to zere. Specific costy of jon wptake are estimatod from the sope of
the respiration versus jon uprake rate plot, while the actual amoont of respi-
ration allocated to ion uptake is shown. The slope nf respirarion versus RGR
represents the specific costs of growth. Growdh respivation varies with RGR,
but specific costs of g h, ion uprake and i are misumed o
remain constant irrespective of variation in RGR or fon uptake

{Original dawing courtesy Owen Atkin)

6.5.5 Energy use by roots

Most respitatory energy is allocated to nutrient acquisition in
borh fast- and slow-growing species {Figure 6.34} and this
proportion increases even further under suboptimal conditions
as maintenance costs rise. However, one key difference remains.
Fast-growing species allocate less respiratory energy to nutri-
ent aquisition, and more to growth. Presumnably, a lower allo-
cation to ion uptake in the fast-growing species imphes lower
specific costs. Loss of absorbed nutrients could also be lower
in fast-growing species, while the degree to which protens
and anions are cotranspotted into roots could be preatet.
Maintenance costs also appear to be stightly lower in fast-
growing plancs (Figure 6.34) but any difference between these
two plant categories in allocaton to maintenance processes is
small and is vnlikely to matter overall Nevertheless, dif-
ferences in maintenance respiration will become more impor-
tant when a plant is exposed to unfavourable conditions
which invariably increase allocation of respiratory energy to
fine-root turnover and maintenance of those structures.
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Figure 6.34 Root respiration is largely devoted to fon upuke and ymainte-
naoce in dow-growing species (eit side) d with a predomi allo-
cadon to growth in fast-growing species (right side), (Generalised values
comparable to Figure 6.29}

{Based on Poorter et al. 1991)

6.5.6 Growth efficiency and crop
selection

A priori, increased respiratory efficiency via either energy pro-
duction or utilisation should impact on RGR, and some
selection has been attempted. Wilson and Cooper (1969) first
demonstrated that wide varjadon in RGR among Lolium
perenne (perennial ryegrass) populations from diverse habicars
was attributable to differences in NAR. Wilson (1982) sub-
sequently sugpested that improved growth (10-20% increase
in yield) of L. perenne grown in high-density swards could be
achieved by genotypes whose mature leaves respired more
slowly. Mature leaves had been selected as a measurement cri-
terion in the belief that maintenance respiration would pre-
dominate compared with growth respiradon.

Wilson {1982} and Robson (19822,b) found genetc vari-
ation in maintenance respiration where slower dark respiration
accounted for greater dry matter producdon, prompting the
expectation that low maintenance requirements would gener-
ally increase the amount of fixed CO, that could be invested
in growth. High-density swards of ryegrass behaved this way,
but sadly the relationship between low respiration rates and
improved growth disappeared when perennial ryegrass was
grown as low-density swards (Kraus et al. 1993}, Simnilarly, fast-
growing pea cultivars exhibit less alternative pathway respira-
don than slow-growing cultivars in some studies (Musgrave et
al. 1986) but not in others (Obenland ¢t al. 1988). In view of
such experiences, selection for faster RGR. via respiratory
efficiency due either to reduced alternative oxidase activity
and/or decreased costs remains an attractive goal, but useful
outcomes are not yet assured. Selection criteria will certainly
have to be based on respiratory features that are maintained
under a variety of growth conditions.



6.5.7 Suboptimal environments

Nitrogen limitation decreases absolute rates of shoot and oot
respiration in both fast- and slow-growing species (Figure
6.35) but the percentage of daily fixed CO, lost during respi-
ration increases. Such increase on low nitrogen results from a
greater allocation of photoassimilate to roots which in turn
show an intrinsically higher rate of respiration {mass basis).
Slower growth of whole plants on low nitrogen is therefore
due to slower photosynthesis (mass basis) coupled with more
costly nitrogen acquisition.
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Figure 6.35 Low nitrogen {supplied as nitrate) reduces RGR In both fast-
growing and dow-growing grass species. Photosynthesis and respiration
{mass basis} also decrease, but the percentage of daily fixed carbon that is
lost via respiration is increzaed, cspecially in the slow-growing grass. The per-
centage of daily fixed carbon lost via respiration {values ahove respimtion
bars) is higher on low nitrogen due to » greaver i of pb I
late in root. Photosynthetic CO, guin is #xp d a4 met phorosynchesis pius
thoot respiration (assuming shoots respire in daytime at the same rate a3 that
measured in darkness}. Values for CO, exchange per unit plant mag were
calculated from whole-plant and proportions of plant bio-
mass allocated to shoots end mot, respecrively

(Based on Poorter o 2. 1995)

The proportion of daily fixed carbon that is respired wilt
also increase under other stressful conditons such as excess
salt or aluminium, Challenged by such stresses, plants increase
their demand for energy to exclude the taxic compound or
repair damage, and grow more slowly, For example, wheat
roots increase respiration rates and grow more slowly due to
high concentrations of aluminium (Collier ef al. 1993},
According to this model, a greater propordon of respiratory
energy is being used to support cellular maintenance in place
of growth under stressful conditions.

GROWTH ANALYSIS; A QUANTITATIVE APPROACH

6.6 Concluding remarks

Ironic as it might seem, growth indices discussed here are not
fundamental entities with some intrinsic significance for
plants, Instead, they are derived concepts, and products of
human intuitdon. As such they provide terms of reference for
quantitative analysis of responses in growth and reproductive
development at a single plant or community level, and some-
times point to processes responsible for those responses.

In most cases definition of a growth index is intuitive and
inspired by features of growth occurring under conditions
which allow exponential growth. A colonising population of
single-celled organisms or simple floadng plants such as
Lemna minor can grow exponentially and thus in accordance
with the law of compound interest. However, this is not the
case with more complex vascular plants. In these, structural
differentiation and a division of labour between tissues con-
cetned with resource capture, substrate processing, structural
integrity and photoassimilate storage leads to more complex
growth patterns. Invariably, whele-plant RGR falls with age
(size) even in a constant environment so that, in truth, whole-
plant growth is probably never rruly exponential, but fortu-
nately these growth indices can stll find application.

At any one ome, growth indices and relationships between
them yield information on plant funcdon. More particularly,
the manner in which these indices vary over time or in
response to treanments points to changes in plant function
during growth and development.

Decades of success in plant growth analysis has hinged
upon shrewd insights and skilful construction and applicaton
of growth indices. Further refinement will emerge as
improved measurements over shorter time intervals target
component processes. Elaboration of conceptual or mathe-
matical process-based models for plant growth and reproduc-
tive development will focus that effort, and evencually mech-
anisms responsible for genotype X environment interaction
on gene expression in phenotypes will be identfied and
examined in more detail,
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Plant growth and options for reproduction

| We should always keep in mind the obvious fact that the pro-
\ ducdon of seed is the chief end of the act of fertilisation;
¢ this end can be pained by hermaphrodite plants with
incomparably greater certainty by self-fertilisation, than by the

union of the sexual elements belonging to two distinct flow--

ers or plants. Yet it is unmistakably plain that innumerable
flowers are adapted for cross-fertilisation.
{Charles Danuin, The Effects of Cross and Self Fertilisation int the Vegetable Kingdam, 1876}

Figure 7.0 Developing pineapple
inflorescence showing spiral
phyllomxis

{Photograph courtery C.G.N. Turnball)
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