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Abstract. We present a method for estimating the
construct ion costs of plant tissues from measure-
ments o f heat of combustion, ash content, and
organic nitrogen eontent. The method prediets
glucose equivalents, the amount of glucose required
to p r o v i d e earbon skeletons and r-eduetant to
synthesize a quantity of organic produet. Glueose
equivalents have previously been ealculated frorn the
elemental eomposition of tissue. We define construe-
tion c o s t as the amount of glueose requir-ed to
provide carbon skeletons, reduetant and ATP for
synthesizing the organie eompounds in a tissue via
s tandard biochemieal pathways. The fraetion of the
total construetion eost of a eompound or tissue
(excluding costs of transporting eompounds) that is
reflected in its glueose equivalents is the biosyn-
thetie efficieney (£„). This quantity varies between
0.84 a n d 0.95 for tissues with a wide range of
composit ions. Using the new method, total eonstrue-
tion c o s t ean be estimated to + 6 % of the value
obtained from bioehemical pathway analysis.

Construct ion costs of leaves ot" three ehaparral
species -were estimated using the proposed method
and compared to previously published values,
derived using different methods. Agreement among
methods was generally good. Differenees were
probably due to a eornbination of inaeeuracy in the
estimated biosynthetie efficiency and teehnieal diffi-
culties wi th bioehernieal analysis, one of the older
methods of determining construction cost.

Key-worcl.s: Lepeehinia catycina (Henth.) EpI.; Diplacus auriintiaeus
(Curtis) Jeps.; Heterotneles arhutifolia (Ait.) Rocm.; production
value; gtueose equivalent; construction cost; heat of combustion;
biosynthetie ellicieney; growth elliciency.

Introduction

The concep t of eost is fundatnental to understanding
how p l a n t s function in their environments (Mooney,
1972; Or i ans & Solbrig, 1977; Mooney & Gulmon,
1982; Bloom, Chapin & Mooney, 1985). Ar-ry
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evaluation of the benefit a plant aeerues from a
partieular strueture or eompound (in terms of
inereased resource gain, fitness, ete.) must inelude an
estimate of the structure's 'cost'. The simplest
rneasur-e of cost is the amount of resour-ees allocated
to a structure's formation and maintenanee. The
manner in which a plant allocates resouree expen-
ditures among different organs and different
rnetabolie funetions affeets its overall growth and
performanee in a partieular environment.

Penning de Vries, Brunsting & van Laar (1974)
reported a method for deter-rnining the earbon eosts
of eonstrueting biological materials that was based
on analysis of the metabolie pathways used for
producing the organic components of a sample.
Frotn the bioehemieal eomposition of the sample
they ealeulated its 'produetion value' (PK); the
amount of biomass of that eomposition that eould be
formed from one gram of glueose. The pr-oduetion
value ineludes both the glueose required for earbon
skeletons and that eonsumed in r-espiration to supply
reduetant and ATP for energy-r-equiring steps in the
biosynthesis of the tissue's eonstituent moleeules. PV
also ineludes an estimate of the ATP required for
importing monomers and ions for growth. PV
direetly prediets an organism's true growth yield (i.e.
the amount of biomass of plant produeed per gram
of substrate utilized for its produetion; Pirt, 1975;
Thornley, 1976). The inverse of PV (grams glucose
required per gram biomass) is an estimate of the
eonstruetion eost of the tissue.

Although the method of Penning de Vries el al
(1974) is elegant in prineiple, the multiple bio-
ehemieal analyses make it laborious, partieularly for
proeessing large numbers of samples. A simpler
approaeh was developed by MeDerrnitt & Loomis
(1981) who estimated growth yields frorn the
elemental eomposition of a sample. Using eletnental
eomposition, they ealculated the glueose equiva-
lent' for a satnple, defined as the nutnber of moles of
glueose r-equired to provide the earbon and electrons
eontained in a mole of product. Glueose equivalent
{GE) is given by

^ ^ c h — 2.Y -I- kn -t- ms
GE = -H —, ,

6 24 (1)

where GE is in moles glueose/rnol produet, c, h, x, n
and .? are moles of earbon, hydrogen, oxygen.
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nitrogen and sulphur, respeetively in a mole of
product (or 100 g of plant dry matter), and k and m
are the oxidation states of the substrate forms of
nitrogen and sulphur ( — 3 for amtnoniutn, -1-5 for
nitrate, —2 for sulphide and 4-6 for sulphate). GE
constitutes most of a tissue's construction cost and
can be used to estimate PV, as defined by Penning de
Vries et al. (1974). The method of MeDennitt &
Loomis (1981) has the advantage of requiring fewer
analyses, but is still limited by the high cost of
elemental analysis,

MeDermitt & Loomis (1981) also related GE
values of organie compounds to their heats of
combustion, Kharasch & Sher (1925) and Kharasch
(1929) showed that the heat of cotnbustion of a
compound appears to be related to the number of
electrons displaced from a position in a tnethane-
type bond (C-H) to one in a earbon dioxide-type
bond (C = O), For compounds containing only
carbon, hydrogen and oxygen, the number of valence
electrons experiencing this transition (A'̂ )̂ was:

N ̂  = 4c -|- rt Zx, (2)

where c, h and x are as in eqn (1). Equation (2),
divided by 24 (the number of available electrons in a
glucose tnolecule), is identical to McDermit &
Loomis' formulation for GE (eqn (1)) when k and m
equal zero. MeDermitt & Loomis (1981) showed
that, for compounds containing nitrogen and
sulphur, as well as carbon, hydrogen and oxygen, GE
still gave a good prediction of heat of combustion
when calculated with k = Q and m — -\-A. These
values of A: and m eorrespond to the oxidation values
of nitrogen and sulphur in N^ gas and SO2 gas, the
standard end-products for nitrogen and sulphur in
combustion calorimetry. They obtained two regres-
sion lines for GE vs. heat of eotnbustion: one for
carbohydrates and glycerol and another for other
organic compounds.

In this report we develop a method for estitnating
construction cost from the heat of eombustion and
to organic nitrogen eontent. We present a single
equation for predicting GE{k = 0, tn = -I- 6) from the
heat of combustion of a tisstte sample; thus, no
knowledge of the sample's biochemical composition
is required. Measurement of the organie nitrogen
content of the sample then tnakes it possible to
determine the sample's aetual GE value. We examine
the value of the effieieney faetor, the faetor relating
GE to total eonstruetion cost, in order to determine
the preeision with which this method estimates total
construction cost. Finally, we apply the method to
estimate the construction costs of leaves of three
ehaparral species and compare our results with those
obtained by other methods.

Materials and methods

Leaves of three chaparral shrub speeies, Lepeehinia
ealycina (Benth,) EpL, Diplacus aurantiacus (Curtis)

Jeps, and Heterotneles arbutifolia (Ait,) Roem,, were
eollected at the Jasper Ridge Biological Preserve of
Stanford University, San Mateo County, California,
The satnples were the same as those used for
biochetnical analysis by Merino, Field & Mooney
(1984) who described the collection tnethods and the
site. The dried, powdered samples were stored at
room temperature in tightly stoppered vials.

Heat of eotnbustion was determined using a
Berthelot-type calorimeter, following the procedures
of Lieth (1975), Detertninations were perfortned in
triplicate on satnples weighing 1-1.2 g. For calcu-
lation of ash-free heat of cotnbustion, ash values
were taken frotn Merino et al. (1984).

Organie nitrogen content was tneasured as
Kjeldahl nitrogen using a setni-automated procedure
(Isaac & ,)ohnson, 1976; Technicon Industrial
Method No. 146-71 A, Technicon Industrial Systems,
Tarrytown, New York). Nitrate which may be
partially detected in the Kjeldahl procedure, was
determined using the colorimetrie assay of Cataldo et
al (1975), modified for stnaller sample mass.
Carbon, hydrogen and nitrogen contents were
detertnined using an elemental analyser (Carlo Erba,
Milano, Italy). Oxygen was detertnined using a
Perkin-Eltner Model 240C Elemental Analyser. All
satnples wete redried at 40 C for 24-48 h prior to
analysis.

Biochemical pathway costs were calculated, taking
glucose as the sole starting substance and using
established pathways (Dagley & Nieholson, 1970;
Lehninger, 1970; Robinson, 1980; Goodwin &
Mercer, 1983; Luekner, 1984), All ATP, NADH and
NADPH, aside from that produced during the
biosynthesis of the eompounds in question, was
assutned to be generated through glycolysis, the
tricarboxylie aeid cycle, and the phosphogluconate
pathway. The eost of tnaking NADH was taken to
be 0.0778 mol glucose/mol, based on a yield of 36
ATP molecules per glucose molecule, 28 of whieh are
derived from oxidizing the 10 NADH tnolecules
produced in plant eellular tespitation. Glucose
entering the phosphogluconate pathway requires one
ATP and yields 12 NADPH, resulting in a eost of
0.0856 mol glucose/mol NADPH,

Results and Discussion

Development of the method

In order to use the heat of cotnbustion and organic
nitrogen content of a biologieal satnple to estitnate
its construction cost, it is tiecessary to ktiow (i) the
quantitative relationship between the heat of cotn-
bustion and GE, and (ii) the growth effieieney of the
tissue. The tertn 'growth effieieney' has been used in
different ways by different authors (e.g. Lambers,
Szaniawski & de Visser, 1983). As defined by
MeDennitt & Loomis (1981), gtowth elftcieticy {E^)
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G l u c o s e e q u i v a l e n t ( g g l u / g , k = 0 )

Figure 1. The relationship of heat of combustion (AH^ to GE' for
545 organic compounds. Data for compounds containing sulphur
arc from Cox & Pilcher (1970). All others from Weast (1975). GE'
values for sulphur compounds were ealeulated both with SO, (g"')
(tn = 4) and M2SO4 (aq) (tn = 6) as the sulphur-eontaining
eon-ibustion produet. Original data were tabulated with HjSOj
(aq) as the standard sulphur combustion product. The differenee
in heat release between the two reactions was ealeulated as
303.4 kJ/moI S (Barker ct al.. 1955). Data for eompounds
containing nitrogen bonded directly to oxygen (;/ = 22), other
forms of nitrogen (n = 102), or sulphur (/; = 134) are displayed
separately from those eontaining only carbon, hydrogen and/or
oxygen (« = 287), as indicated. CH(O), O: Ch(O)N, • ;
CH(0>4)-N0.x, +; CH(ON)S (m = 4), A; CH(ON)S (m = 6), • .

relates GE to eonstruetion cost {C):

GE [c h-2x-\-kn-\-tnsl 1
^ = - - = 1̂  + 24 k (3)

W e detennined the telationship between heat of
combust ion (AWJ and GE from tabulated data on
the hea t of eombustion of otganie compounds
(Weas t , 1975) and GE^ values calculated frotn eqn
(1) (Fig , 1), We define GE' as the glueose
equivalents of a substance expressed in grams
glucose per gratn of tnaterial (cortesponding to the
inverse of MeDertnitt & Lootnis' 'glueose
value ') and G£;, as GE' ealeulated using the
oxidat ion nutnbets of the nitrogen and sulphur
combust ion products for k and tn (eqn (1)).

Of t h e classes of eotnpounds t-epresented in Fig, I,
those containing earbon, hydrogen and possibly
oxygen (CH(O)), as well as those containing nittogen
( C H ( O ) N ) represent the tnost abundant eotnpounds
in p l a n t tissue. The slopes of the regt-ession lines for
these t-wo classes of cotnpounds were not signifi-
cantly diffetent (P>O,IO), The regtession line
formed by the 389 cotnpounds iti both classes was:

A//c = 14,352 xG£;-F 0,929, (H = 0,992) (4)

where AHQ is heat of cotnbustion in kJ/g and G/ŝ ,' is
ealeulated with k - 0, This equation is similar to that
ob ta ined by McDerinitt & Lootnis (1981) for a few
biologically important cotnpounds.

Cotnpounds in which nitrogen is bonded directly
to oxygen deviate frotn the general relationship
between AH^- and GE^, (The slopes of the relation-
ships at-e significantly different at P < 0,001,)
Fortunately, this deviation does not present a
substantial drawbaek to the use of A//^ as a
predietor of the GE' of biotnass, because the
occurt-ence of nitro cotnpounds in plants is rare
(Robinson, 1980),

Deviations of sulphut-containing cotnpounds ftotn
the telationship deseribed in eqn (4) depend on the
convention used in eombustion ealorimetty. Two
eonventions exist for dealing with sulphur-eontaining
cotnpounds. Sulphur dioxide gas is generally taken
as the standat-d cotnbustion product of sulphur
because it is the produet formed in eombustion at
nortnal attnospherie pressure (Barker, Mott &
Thotnas, 1955), In reality, most of the sulphur is
converted to dilute sulphuric aeid under the
conditions present in a ealoritneter (i,e, pres-
surization with oxygen gas; Cox & Pileher, 1970),
Heats of cotnbustion are generally corrected for this
extt-a oxidation by measuring the atnounts of
sulphur- and nitrogen-containing aeids fortned and
applying 'acid correetions'. Acid corrections subtract
the heat associated with this extia oxidation from the
tneasuied heat release (Barker et al., 1955; Lieth,
1975), When dilute sulphuric acid is taken as the
standard eotnbustion produet of sulphur, and GE,', is
calculated with /n = -|-6 (the oxidation value of
sulphur in sulphuric acid), the t-elationship between
AH(- and GE^ eonfortns tnore closely to eqn (4) than
when SO2 is taken as the standard eotnbustion
product and GfJ is calculated with /;; = +4 (Fig, I),
This discrepancy results from the faet that the aeid
cort-ection presented by Barker et al, (1955) is higher
that! that expected on the basis of eqn (4) by
approximately 88 kJ/mol sulphur, (Equation (4)
prediets approximately 108 kJ of heat release per mol
eleetron transferred to an oxygen-containing bond,)
In practice, the sulphur content of biomass is
generally so low that these eonsiderations have little
effeet on the estimation of GE'. For greater accuraey,
however, GE'^ should be ealeulated with tn = -\-6, the
oxidation state of sulphur in sulphuric aeid:

c /!-2 180,15
(5)

The ratio, 180,15 (the molecular mass of glueose)
over MW (the molecular mass of the compound)
converts the units in eqn (1) to g glucose/g.

Combining eqns (1), (3), (4) and (,5) yields an
equation for predicting tissue construction eost from
heat of eotnbustion, ash content, organie nitrogen
content and organie sulphur content. The GE^ of
ot-ganic tnaterial is predieted ft-otn its heat of
cotnbustion with a reartangetiient of eqn (4):

; = 0,06968 X A//c-0,065, (6)
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Since plant tissues always eontain minerals, a value
of GE^ eorreeted for the ash eontent of the satnple
can be obtained as follows;

J = (0,06968 X A//c-0,065)(l - / I ) , (V)

where A/Z^ is the ash-free heat of eombustion of the
sample in kJ/g and A is the ash fraction of the
sample (g ash/g dry weight). The first term of eqn (7)
predicts GE^ for the organic fraction of the tissue
(eqn (6)) and the last term puts GE^ on a total dry
weight basis.

Combining eqn (5) with eqn (1), eorrects for the
incorporation and possible reduction of the nitrogen
and sulphur substrates:

(m-6)S i 180,15

14,0067 32,06 24
(8)

where A' is the organie nitrogen eontent of the tissue
in g/g dw, 14,0067 is the atomic mass of nitrogen, S
is the organic sulphur content of the tissue in g/g dw,
32,06 is the atomic mass of sulphur and 180,15
converts moles of glueose to grams of glueose. Since
the most common sulphur substrate is sulphate
{m = -1-6), eqn (8) will usually reduee to:

GE' =
kN

14,0067

180,15

24 '
(9)

or
GE' = (0,06968 x A//c-0,065)(l -A)

kN 180,15
14,0067 24

(10)

No measuretnent of organie sulphur eontent is then
required.

As discussed above, an effieieney faetor is required
to obtain the total construction cost (C) frotn GE'
(eqn (3)), The full expression for estimating construc-
tion cost from heat of eombustion, nitrogen content
and ash eontent is:

C =

kN

14,0067

180,15] 1
24 (II)

The deviation of growth efficiencey {E^f) from
100% represents the fraction of cost which provides
reduetant that is not ineorporated into biomass. This
cost ineludes the reduetant which generates ATP
through oxidative phosphorylation. The amount of
ATP required for growth proeesses varies depending
on the ATP requirements of the biosynthetie
pathways and the ATP-consuming proeesses
subsumed under 'growth'. The earbon or glucose
eost of ATP varies depending on the pathway by
whieh ATP is generated in a tissue. The ATP cost
assoeiated directly with a compound's biosynthetie
pathway may be estimated through bioehemieal
pathway analysis, if eertain assumptions are made

regarding the eost of ATP generation. Defining EQ as
GE/C, where C, the construction cost, is calculated
from bioehemieal pathway analysis (Penning de
Vries et al, 1974), subjeets the value of EQ to all of
the assumptions inherent in the bioehemieal pathway
analysis approach. To predict the eonstruetion eost
of plant tissue from its GE, an average estimate of
EQ must be used,

MeDertnitt & Lootnis (1981) calculated an average
growth effieieney of 0,884 for crop seeds eneom-
passing a range of chemieal compositions. The
eotnpositional data they used were the protein, lipid
and carbohydrate contents of seeds published by
Sinelair & de Wit (1975), In order to evaluate the
generality of this value for use with plant tissue of
more complex eomposition, we ealeulated the
efficiencies of many biologically important com-
pounds and the overall efficieneies for four tissues,
glucose equivalents, pathway eosts and biosynthetie
effieiencies for representative biomoleeules are
presented in Appendiees I and II, The construction
costs calculated for these compounds include only
those eosts direetly calculable from analysis of the
biosynthetie pathways and do not include estimates
of any other growth-related eosts. We define the
resulting efficiency (GE/C) as the biosynthetie
effieieney (E^^),

The biosynthetie efficiencies for the eompounds
examined eovered a wide range (0,231-1,000),
Substances synthesized with S-adenosylmethionine
had particularly low effieiencies beeause of the high
cost of forming the methyl group donor.
Additionally, ineorporation of O2 into organic
eompounds resulted in low efficieneies. However,
constraints on the variation in chemical composition
of plant tissues should resti-ict the range of
biosynthetie efficiencies eneountered in actual plant
samples.

Published ehemieal eotnpositions and ealeulated
biosynthetie efficieneies for riee seed, wood, tnaize
seedlings, and Diplacus leaf are shown in Table 1,
Riee seed is almost all carbohydrate (Sinclair &
de Wit, 1975) and has the highest overall efficiency at
0,94, A highly resinous leaf of Diplacus attrantiacus
has the lowest overall eflieiency of the tissues
examined, at 0,85, In the extreme, this range of
efficiencies eould only be slightly broader. For
example, if rice seed carbohydrate were entirely
sugar (not true) its overall En would be 0,95, If the
resin eontent of the Diplacus leaf is aetually 30%, as
reported by Lincoln (1980), and sotne of its nitrogen
were in glyeine-betaine, an ostnoticutn with a low
biosynthetie efficiency, rather than in protein, its
overall /T,, would be 0,84, (We assumed a glyeine-
betaine concentration of 7%, the highest reported by
Storey, Ahmad & Wyn-Jones, 1977, for plant tissue,)
Construction costs of plant tissues (exeluding
transport eosts) ean therefore be estitnated to within
6% of the true value by using an effieieney of 0,89 in
eqn (11), The estimation is probably closer than
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Table I. Per cent composition of plant organs and calculated overall efficiency of ash-free biomass

Compound
type

Organic acid
Carbohydrate

(cellulo.sc)
(hemicellulose)
(non-structural)

Nucleic acid

Amino acid

Protein

Lipid

Lignin

Phenols

Diplacol

Unrecovered

Ash or minerals

Overall ash-free effieieney

Average
biosynthetie

etTiciency (Eg)

0.946
0.946
0.947
0.874-0.939
0.955

0.788-0.878

0.903-0.939

0.826-0.875

0.923

0.726-0.76611

0.922

0.841

—

—•

Rice
seed*

—

88
—
—
—

—

—

8
2

—

—

—

—

2

0.94

Per cent

Woodt

—
65-80

(40-50)**
(20-30)

—

—

—

—

—

20-35

—

—

—

—

0.85-0.90

composition of:

Young
maize
plant |

5
56.5

(22.6)
(25.43)

(8.48)

0.69

2.3

20.01

2.5
8

—

—

—

5

0.89-0.91

Diplaeus
leat|

1.5
25.07

(10.11)
(5.02)
(9.94)

—

—

14.85

5.45

15.73

6.57

20

6.54

4.29

0.S5-0.88

*Sinclair & de Wit (1975).
tPoulton (1981).
t Penning de Vries el al. (1974).
§ Merino el al. (1984); compositional data for middle-aged leaves; uncertainty in overall elliciency due to

incomplete recovery.
II Lignin assumed to be equal parts coniferyl alcohol and sinapyl alcohol derivatives except in the case of maize.

Grass lignin contains higher amounls of couniaryl alcohol derivatives (Poulton. 1981), so maize lignin was assumed
to have equal parts of derivatives of all three alcohols.

**Parcthetical values included in value for 'carbohydrate'.

+ 6 % for most plant tissues because the extreme £•„
values ealculated above ehar-aeterize fairly unusual
plant tissues. This value is close to that determined
by McDermitt & Loomis (1981).

Including the eosts of gr-owth-related pr-oeesses,
such as substrate transport, in the calculation of
construction cost lower-s the value of the efficiency
factor. Penning de Vries et al (1974) included costs
of transporting monomers across membranes in their
calculations of PV. They used an estimate of 1 mol
ATP per mol glucose required in biosynthesis. If
their estimate of membrane transport eosts is
incorporated into calculations of construetion eost.
EG is lowered from 0.89 (tbe tnidrange Z;,, found
here) to 0.87.

Comparison of Methods for estimating construction

The leaf construetion eosts of the chaparral shrubs,
Lepeehinia eatycina, Diplaeus aurantiacus, and
Heteromeles arbutifolia, have been estimated
previously, using analysis of growth respiration
(Merino, Field & Mooney, 1982) and bioehemical
pathway analysis (Merino et al, 1984). The satne leaf
samples that were used for pathway analysis were
subjected to elemental analysis, combustion
ealorimetry, and organic nitrogen deter-mination
(Table 2). Frorn these data, we performed two more

cost estimates: one based on the GE estimated from
heat of combustion and nitrogen eontent (eqn (11))
and one based on the GE calculated from elemental
analysis (eqn (3)). Nitrate nitrogen was less than
0.01% of the tissue dry weight in almost all eases.
Therefore, Kjedahl nitrogen was taken as a
measurement of organic nitrogen in eqn (11). A
value of 0.89 was used as an estimate of growth
efficiency {EQ) in both equations.

Agreement between the two methods that base
their estimates on a tissue's GE (i.e. elemental
analysis and heat of combustion) was generally good
(Table 3). Most eost values obtained using heat of
combustion were slightly higher than those ealcu-
lated from eletnental composition. The greatest
discr-epaney occurred in the sample for which
r-eeovery dur-ing elemental analysis was poorest
{Lepeehinia, age class IV).

There was agreement between pathway
analysis and tnethods based on GE in the r-elative
eosts of the leaves of the deeiduous speeies,
D. aurantiacus and L. ealyeina. However, the
absolute values for the pathway eosts were uniformly
20-22% higher than the eost estimated from bomb
ealorimetry and organic nitrogen analysis. This
difference is greater than can be accounted for by the
uncertainty in assigning a biosynthetie efficieney to
the tissue. The agreement between the present
estimates and the pathway eosts for H. arbutifolia is
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Table 2. Heat of eombustion and elemental eomposition of ehaparral shrub teaves. Five leaf age elasses are
represented

L. calcina
I
11
III
IV
V

D. aurantiacus
I
11
III
IV
V

H. arbutifolia
I
II
III
IV
V

(ash-free)
(kJ/g)

22.44
21.48

20,51
20.36

23.67
22.68
22.04
21.47
20.84

20.28
20.52
20.64
20,49
20.44

Kjeldahl N
(%)

2.65
2.92
—

2.71
2.39

.93

.90

.91

.85
,57

2,33
.84

1.51
.13

0.85

C

48.66
48.46
45.00
44.08
43.72

51.24
51.06
49.20
48.35
46.26

46.48
46,45
46,39
46.34
47.23

H

6.65
5.99
6.00
5.40
5.85

6.93
6.34
6.88
6.89
6.39

6.43
6.60
6.64
6,84
6.84

Per eent

N

2-76
3.11
2.41
2.55
2.30

.70

.99

.59

.63

.32

2.03
1.49
1.37
LOI
0.73

composition

O

35.83
35.64

—
35.94
36.50

33,95
35,45
35,88
36.54
37.41

38,05
38,10
38.65
39.39
39.22

Ash

6.51
6.88

11.30
8.51

10.29

3.65
4.26
4.29
5.49
6.33

4.90
4.80
5,65
5,15
4.35

Per cent
recovery

100.41
100.08

—
96.48
98.66

97,47
99.10
97,84
98.90
97.71

97.89
97.44
98.70
98.73
98.37

I, youngest; V, oldest.

better. However, in perfonning the pathway analysis
for this species. Merino et al. (1984) could account
for only 70% of the mass of their leaf samples.
Difficulties in obtaining cotnplete and accurate
recovery of all biochemical compotients in a tissue

litnit the accurancy with which the construction cost
of a tissue tnay be detertnined frotn its biochemical
composition. The poor recovery of biochemical
cotnponents in Heterometes leaves (Merino et al,
1984) renders the agreement between these cost

Table 3. Construetion eost estimates using diflerent methods. Units are g glu/gdw. The figures
for the first three methods are ealeulated with nitrate as the nitrogen souree

E. catcina
I
tl
III
IV
V

D. aurantiacus
I
II
III
IV
V

H. arbutifolia
1
II
III
IV
V

Heat of
combustion,
nitrogen and

ash*

1.69
1.61
—
1.51
1.46

1.79
1.70
1.65
1.59
1.52

1.53
1.53
1.52
1.50
1.49

Elemental
analysis*

1.63
1.58
—
1.39
1.40

1.71
1.65
1.63
1.60
1.48

1.50
1.50
1.49
1.49
1.51

Bioehemieal
analysisf

2.00
1.90
1.79
1.78
1.74

2.14
2.06
2.02
1.92
1.86

1.62
1.65
1.56
1.53
1.60

Gas exchange and
growth analysis^

1.73 (L50§-1.4811)

1.83 (L48§-L6311)

1.72(1.4411)

*The +6% uncertainty in these ligures, due to the use of an average £„ in the cost
ealeulations (eqns (3) and (10)), amounts to approximately +0.10 g glueose/g.)

t Merino et al. (1984).
I Merino ct al. (1982). Values in parentheses rellect eorreetions to respiration for diumal

lluetuations in lemperature. Caleulations use gas exehange and growth data taken by Merino
ct dl. (1982) in March § and May 1]. Respiration is correeted for temperature, using
temperature data for typical days in March and May. 1980, and assuming that respiration
responds to temperature with a Q,o of 2 throughout the day.
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estimates and those obtained with other tnethods
largely fortuitous. Mer-ino et al. (1984) eould aeeount
for much more of the mass of Diplacus and
Lepeehinia leaves. However, fi-actions of relatively
expensive components may have been over-estimated.
As an example. Merino et al (1984) used a standard
method of estimating protein eontent by multiplying
the tissue's nitrogen eontent by 6.25. Some autliot-s
have suggested that this method overestimates
protein content in plant tissues and that a faetor of
5.3 is mor-e realistie (Milton & Dintzis, 1981). We
speculate that uncertainty in the bioehemical
composition of the tissues examined, due to the
multiple sources of error aeeompanying multiple
biochemieal analyses, may aeeount for much of the
poor agreement between bioehemieal pathway
analysis and other methods of estimating eonstrue-
tion cost .

The construetion eost estimates obtained by bomb
ealorimetry and organie nitrogen determination
agreed more elosely with those ealeulated from
estimates of growth and growth respiration. In
making these eomparisons, we have refined the cost
calculations of Merino et al. (1982) to ir-relude the
effect o f diurnal temperature fluetuations on ealeu-
lated growth respiration. Merino et al. (1982) made
all respiration measurements at 20 C, a realistie
daytime temperature. We reealeulated leaf eonstrue-
tion costs using an approximated daily eourse of
temperature, assuming that temper-ature affeeted
dark respiration with a 2,(, of 2 and assuming that
ligbt had no effeet on the rate of respiratory
processes (results in parentheses. Table 3). With
these adjustments, estimates of construction cost
derived from gas exehange and growth analysis
agreed fairly well with estimates derived frorn heat of
combustion and organic nitrogen eontent.

It could be argued that gas exehange and growth
analysis should yield lower estimates of eonstruetion
eost t han either heat of combustion or elemental
analysis. Some of the leaf biomoleeules, sueh as some
amino acids, may be imported from other parts of
the p lan t during eertain stages of leaf development.
The respiration assoeiated with their formation is
evolved elsewhere in the plant. Thus, part of the
eonstruetion eost assoeiated with these molecules is
reflected in a leaf's heat of combustion but not in its
respiration.

Conceptual problems, as well as teehnieal
problems, attend the quantifieation of respiration in
the light when analysing costs through gas exchange
and growth analysis. Sotne evidenee suggests that
ligbt reduces the r-ates of proeesses comprising dark
respiration (e.g. Piesker & Apel, 1980; Brooks &
Farquhar , 1985). Energy and reduetant derived
directly from light-driven eleetron transport,
however, may contribute to biosynthetie proeesses in
photosynthetic tissue. It eould be argued that this
energy and reduetant should be ineluded in estimates
of 'respiration' when quantifying growth eosts.

Without knowing the extent to whieh these opposing
proeesses offset eaeh other in the light, it is difficult
to prediet how eost estimates der-ived frorn gas
exehange and growth analysis should eompare'to
estimates based on tissue eomposition and heat of
eombustion. Therefore, although the agreement
between gas exehange/growth analysis and heat of
eombustion in estimating construetion cost is
eneouraging, it is diffieult to interpret.

Conclusions

Construetion eosts of plant tissues may be estimated
fairly easily frorn measurements of heat of
combustion, ash content and organic nitrogen
content. This method, whieh is based on prediction
of a tissue's GE, yields very similar construction eost
estimates to those derived from elemental eom-
position. It should estimate total eonstruetion cost,
as determined frorn bioehemical pathway analysis, to
within ±6%. When eonstruetion eost includes only
those eosts direetly ealeulable from biosynthetie
pathways, 0.89 is a good estimate for EQ, the
effieieney faetor eonverting GE to total eonstruetion
eost. Including a rough estimate of membrane
transport eost in construction cost (i.e. 1 mol ATP
per mol glueose required; Penning de Vries et al
1974) reduces E^ to 0.87.

Estimates of total eonstruetion cost eompared
fairly poorly with published values obtained from
biochemical pathway analysis (although the two
methods generally yielded the sarne relative rankings
in eost for the tissues examined). This diserepaney
was most likely due to the diffieulty in obtaining
complete and aeeurate reeovery of organie eonv
pounds in analysing the bioehernieal composition of
the tissue. Agreement was better with eost estimates
obtained from gas exehange and growth analysis.

The proposed method is less time-eonsuming than
bioehemical pathway analysis and less costly than
elemental analysis. In eases where it is diffieult to
obtain full and accurate reeovery of bioehemieal
fraetions for bioehernieal pathway analysis, heat of
eombustion and organie nitrogen content may
provide a more aeeurate estimate of total eonstrue-
tion eost. Only thr-ee determinations are requir-ed;
heat of eombustion, organie nitrogen eontent and
ash eontent. These measurements may be obtained
using eommonly available equipment.
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Appendix I

Table AI

Glucose Equivalents, eonstruetion eosts and biosynthetie efl'iciencies of some non-nitrogenous
plant constituents are given below. Glueose Equivalents (GE^ were calculated from the elemental
compositions of the eompounds (eqn (1)). Pathway costs were calculated using bioehemical
pathways presented in Dagley & Nieholson (1970), Lehninger (1970), Robinson (1980), Goodwin
& Mercer (1983) and Luckner (1984). Values for alternate pathways were averaged. Biosynthetie

efficiencies were calculated as G£"/Cost

Compound

Organie acids
pyruvate
malate
citrate
oxaloaeetic acid
fumarate
suecinate
oxalate

Carbohydrates
glucose
fructose
mannose
galactose
lactose
cellulose
hemicellulose*
hemieelluloset
suerose
starch
ribose-5-P
erythrose-4-P
pinitol

Fatty acids and triglyeerides
caprylic acid
eaprie acid
lauric acid
myristic acid
palmitic acid
stearic acid
oleic acid
linoleic acid
linolenic acid
glyeeryl tripaltrtitate

Other non-nitrogenous eompounds
rubber
diplacol (resin)
Lignin

coutnaryl aleohol radical
coniferly alcohol radical
sinapyl alcohol radical

Monoterpenes
camphor
pinene

Tannins (eondensed)
proeyanidin subunit
prodelphinidin subunit

Molecular
rnass

(g/mol)

88
134
192
132
116
118
90

180
180
180
180
342

(162)§

—
342

(162)§
230
200
t94

144
172
200
228
256
285
283
280
278
807

(68)§
440

149
179
209

t52
136

288
304

GE'
(g g'u/g)

0.852
0.672
0.703
0.568
0.776
0.890
0.167

.000

.000

.000

.000

.053

.111

.132

.132
,053
.111

0.652
0.600
1.160

2.290
2.440
2.548
2.629
2.693
2.744
2.711
2.677
2.642
2.696

3.085
1.943

2.063
1.885
1.758

2.663
3.085

1.471
1.431

Cost
(g glu/g)

0.852
0.690
0.716
0.587
0.798
0.869
0.378

1.000
1.028
1.028
1.056
1.082
1.173
1.296
1.205
1.096
1.173
0.671
0.642
1.302

2.412
2.576
2.694
2.783
2.852
2.908
2.984
3.060
3.138
2.852

3.318
2.310

2.431
2.488
2.528

2.868
3.431

1.591
1.558

Biosynthetie
elTtcieney

(£B)

1.000
0.973
0.982
0.968
0.973
1.024
0.441

1.000
0.973
0.973
0.947
0.973
0.947
0.874
0.939
0.960
0.947
0.973
0.935
0.890

0.950
0.947
0.946
0.945
0.944
0.944
0.908
0.875
0.842
0.946

0.930
0.841

0.849
0.758t
0.695t

0.928
0.899

0.924
0.919

* Hemieellulose with residue composition reported by Bauer et al. (1973). Myo-inositol pathway
used.

tAs above but with pathways employing dohydrogenases.
JS-adenosylmethionine involved in biosytithctic pathway.
§The molecular mass of the monomer in the polymer.
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Appendix II

Table All

Glucose Equivalents, construction costs and biosynthetie ellicicncics of some nitrogen-containing plant constituents
are given below. Glucose Equivalents {GE'). pathway costs and biosynthetie eflieiencies were calculated as in

Appendix t. The nitrogen substrate forms used for the various calculations are indicated

Compound

Amino aeids
alanine
arginine
aspartate
asparaginc
glutan-iate
glutamine
glyeine
isoleucine
lcucinc
lysine
ornirhinc
phenylalanine
proline
serine
threonine
tryptophan
tyrosine
valine

Protein
zein*
zein-f
hordein*
hordeint

Nucleic acid
AMP
GMP
UMP
CMP
dAMP residue
dGMP residue
dTMP residue
dCMP residue

Other nitrogen-eonlaining compounds
protoporthyrin
Cyanogciiic glucosides

dliurrin
prunasin

A Ikaloids
nicotine
ealTeine

A' storage and transport
allantoin
N-acctyl arginine
N-acetyl ornithine
sarcosine
betaine

Molecular

mass
(g/mol) 1

89
174 (
133 (
132 (
147 (
146 (
75 (

131
131
146
132
165
115
105 (
119
204
181
117

—
—

GE'

.o i l
).948
).677
).682
).918
).925
).600
.717
.717
.438
.250
.818
.434

).7I4
.008
.691
.574
.538

.453

.457

.384

.388

347 0.649
363 ().579
324 0.695
323 0.697
313 ().767
329 0.684
304 ().938
289 0.831

563 :

311
295

162 :
194

?.OOI

.350

.474

?.22I
.005

15H 0.190
216
174
89

117

.041

.293

.011

.538

(g glu/g)

NO3" I

1.685
2.327

Cost

^ H ;

.072

.230
1.128 0.736
1.591 0.855
1.326 0.972
1.746 .013
1.400 0.689
2.174
2.174
2.259
2.158
2.181
1.956
1.286 (
1.512
2.279
1.906
2.050

2.030
2.178
1.967
2.158

.863

.784

.460

.392

.994

.574
).842
.120
.943
.733
.588

.741

.762

.675

.697

.513 0.877

.405 0.817

.065 ().8OI

.2.54 0.819

.726 .053

.596 0.979

.332

.454

2.428 :

1.543
1.678

.058

.003

..324

.678

.821

2.961 2.686
2.242

1.709 C
2.152
1.982
1.685
2.050 :

.661

).82O
.268
.400
..-(03

>.O87

(g glu/g)

NO3

1.746
2.609

.187
1.764
.380
.835
.489

2..321
2.242
2.282
2.300
2.358
2.095
1.413
1.625
2.5.30
2.065
2.100

2.318
2.484
2.259
2.467

.741

.644

.172

.376
2.012
.891
.453
.626

2.751

1.871
2.024

3.247
2.898

2.339
2.379
2.090
1.977
2.600

Biosynthetie
elliciency (Eg)

N H ;

0.943
0.770
0.919
0.797
0.945
0.913
0.870
0.921
0.962
0.985
0.898
0.911
0.911
0.848
0.900
0.870
0.908
0.969

0.835
0.827
0.827
0.818

0.740
0.708
0.867
0.851
0.728
0.699
0.886
0.828

0.861

0.805
0.810

0.827
0.607

0.231
0.821
0.923
0.777
0.737

NO3

0.965
0.892
0.950
0.902
0.961
0.952
0.940
0.937
0.970
0.990
0.938
0.925
0.933
0.910
0.930
0.901
0.923
0.976

0.876
0.877
0.871
0.875

0.869
0.855
0.909
0.911
0.858
0.844
0.917
0.894

0.883

0.825
0.829

0.864t
0.774t

0.731
0.905
0.948
0.853t
0.789t

*Amino acid composition for zein from Wilson (1983). for hordein from Sliewry & Miilin (1983); all glu. gin. asp
and asn assumed to be glu and asp. respectively.

tAU glu. gin. asp and asn assumed to be gin and asn. respectively.
:|:S-adenosylmethionine involved in biosynthetie pathway.
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