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Abstract

Literature data were compiled on the construction costs of plant biomass, that is, the
amount of glucese required to construct one gram of biomass. No evidence was found for
more than a slight variation in construction costs, with leaves of herbaceous species
somewhat more expensive to produce than stems or roots. There is little or no variation
due to environmental differences, or in construction costs between ecologically contrast-
ing groups of species. However, most research in this area has focused on leaves. Differ-
ences between woody and herbaceous species may become apparent when construction
costs of whole plants are considered.

It has been suggested that the payback time of leaves, i.e., the time a leaf requires to
meet its own construction costs, rather than the construction costs themselves, vary for
ecologically contrasting species. Although correct, such an approach ignores the
relevance of stem and roots and their associated costs for the functioning of a leaf. From
a whole plant perspective, payback time is identical to the relative growth rate of a
plant. As such, this concept is closely related to part of Grime’s plant strategy theory,
where relative growth rate is considered to be one of the differentiating key factors.

1. Introduction

Plants differ widely in their chemical composition, both qualitatively and quantitatively
{Table 1). These differences may be partly phenotypic (e.g., Waring ef al. 1985, Diamanto-
glouetal. 1989) and partly genetic{e.g., Kramer 1979, Poorter & Bergkotte 1992). Just as
the biosynthetic pathways for the construction of the vast array of chemical constituents
vary, so may the amount of ATP and NAD(P)H required to drive these biosynthetic reac-
tions. The amount of carbon needed for the C-skeletons of one gram of the various com-
pounds also differs. Therefore the construction costs, the total input of glucose required
to construct one gram of plant biomass, are subject to variation. In this paper I first brie-
fly discuss methods to estimate the construction costs of plant biomass. Secondly, intra-
and interspecific variation in the construction costs are analyzed. Finally, I deal with
some aspects of payback time, the ratio hetween construction costs and net carbon gain.

2. Methods for the determination of construction costs

There are several methods to assess the construction costs of plant tissue. The ideal anal-
ysis would be to determine all chemical constituents in a plant and analyze the biosyn-
thetic pathways for each of these. Practically, this is not feasible and the closest one can
get is to assess costs of various groups of compounds, Penning de Vries et al, (1974) used
- this approach to determine the construction costs of a maize plant. From the most likely
biosynthetic pathways they calculated costs of various classes of compounds: lipids, lig-
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Table 1. Construction costs (g glucose/g compound) for different groups of constituents according to Penning de Vries ef al. (1974, 1983) and concentra-
tions (mg (g DW)~1) normally found for each of these compounds. For the construction cost calculation, cellulose and hemicellulose were assumed to
be present in equal amounts, and non-structural carbohydrates to be starch:sucrose:glucose in a weight ratio of 1:1:1. The ranges of concentrations in
leaves, stems, roots and seed/fruits are the 10th and 90th percentiles of a compilation of data from a large number of literature sources.

Compound Construction Concentration

Costs herbaceous woody seed/fruit

leaves stem roots leaves stem
Lipids 3.030 15—-70 15-40 10-25 20—-100 20-75 15-460
Lignin 2.119 10-80 2580 20-50 40-195  90-250 40-130
Protein (with NOy) 2475 100-350 40-250 45-230 50-220 30-140 70-370
Protein (with NH) 1.623
{Hemi)cellulose 1.220 130—-530 180-620 170-310 40-300 45-605 150—880
Non-structural 1.090 70—260 80-315 200-330 40-255 10-135 B
carbohydrates

Organic acids 0.906 40-125  30-100 5—55 15~55 ? 10-95
Minerals - 85-2056 60—-185 40-180 30-120 0-70 20-865
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nin, organic N-compounds, (hemi)cellulose/starch/sugars, organic acids and minerals.
As an example of this approach the costs of the various steps in the production of protein
from NO, ™ and glucose are outlined in Appendix 1. Although different constituents wi-
thin each of the above-mentioned classes of organic compounds may have different con-
struction costs, Penning de Vries ef al. concluded that variation within each group was
small compared to the variation between groups. The values, as calculated by Penning
de Vries et al., are given in Table 1. Compared to glucose, compounds such as lipids, lig-
nin and protein are costly to produce, whereas organic acids are less expensive.
Although the mineral fraction does not require C-skeletons for synthesis, some ATP is
needed for uptake from the root environment and transport within the plant. However,
as these costs are often considered to be independent of energy required for growth (ef.
Van der Werf et al. 1988), I assume that no glucose is required for their “construction”.
The calculated values should be considered with some care. For example, based on re-
cent information on the process of amino acid polymerization, De Visser et al. (1992) sug-
gest that total glucose costs for protein synthesis may actually be 0.3 g g1 higher than
those given in Table 1.

The chemical determinations necessary for this type of analysis are rather laborious
and total recovery often is less than 100% (e.g., Merino et al. 1984, Lafitte & Loomis
1988, Poorter & Bergkotte 1992). Therefore, quicker and easier methods were sought
based on the observation that expensive compounds are generally more reduced than
glucose, whereas cheap compounds are relatively more oxidized. McDermitt & Loomis
(1981) analysed C, H, N, O and 5 in the plant biomass. From the elemental composition,
and knowledge about the form-of N- and S-supply, they calculated the reduction state
of the plant material thus allowing the total amount of NAD(P)H required to provide
reducing equivalents to be determined. The amount of ATP needed to drive the various
reactions cannot be measured, but is estimated by a correction factor. The determination
of O by pyrolysis may give rise to problems, due to the formation of oxides (Lafitte & Loo-
mis 1988).

A second method estimates the construction costs of plant material by determining N-
concentration, heat of combustion and ash content (Williams ef al. 1987). Again, the
amount of ATP required in the chemical reactions is a complicating factor. Williams et
al. concluded that a fixed correction factor brings estimates within 6% of the “true
value”, depending on chemical compesition. Another complication could have been that
ash content is not necessarily similar to mineral content. During the ashing process,
both NO, ™ and organic acids turn into oxides (Baumeister 1958). Ignoring this may nor-
mally lead to additional errors. However, considering the range in mineral content
generally found (Table 1), the effect of the ash correction in the equation of Williams et
al. is so small (less than 1% of the total construction costs of normal plant material), that
it does not seem worth the effort to determine mineral content anyway.

Vertregt & Penning de Vries (1987) proposed a further simplification. Given that the
reduction state of the different compounds is coupled to their carbon content, they claim
that determining ash and carbon content of the plant material yields a satisfactory esti-
mate. They illustrate this method for a range of fruits and seeds, which show a large var-
iation in lipid content, the constituent with the highest concentration of C and the
highest construction costs (Table 1). Lambers & Rychter (1989) questioned this method,
calculating that the observed relationship between C-content and construction costs did
not hold for diplacol, a flavonoid. However, they did not select the proper regression
equation from Vertregt & Penning de Vries (1987), using one where ATP requirements
for synthesis were not considered. The relationship of C-content and construction costs
of a number of compounds is shown in Fig. 1. As can be seen, diplacol fits the calculated
regression line reasonably well. This applies also to a range of other secondary com-
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Fig 1. Relationship between construction costs and the carbon content of model compounds of the
various groups of constituents of plant biomass. 1. Organic acids; 2. Starch/sucrose/glucose;
3. (Hemixellulose; 4. Protein {(with NH,); 5. Prunasin (a cyanogenic glucoside); 6. Caffeic acid (a
phenol); 7. Narrengenin chalcone (a flavonoid);, 8. Umbelliferon (a coumarin); 9. Lignin;
10. Diplacol (a flavonoid); 11. Nicotine (with NH,, an alkaloid); 12. Lipids; 13. Limonene (a
monoterpene); a. Protein (with NOy); b. Ellagic acid (a tannin); ¢. Prunasin (with NO;); d. Nieotine
(with NOy). The regression line is fitted through 1-13. Construction costs are derived from Pen-
ning de Vries ef al. (1974, 1983}, Merino ef al. 1984 and Lambers & Rychter (1989). The costs for
ellagic acid are tentative (Lambers & Rychter 1989).

pounds, like an alkaloid, a cyanogenic glucoside, a flavonoid, a monoterpene, and a
phenol (Fig. 1). Unfortunately, an important assumption underlying this method is that
NH4+ is the source of protein N. If NO,~ is the source, the relationship is ne longer
valid, as the costs of protein lay well above the regression line in this case (Fig. 1). In
such situations, organic N must be determined separately, Extending the approach of
Vertregt & Penning de Vries to NO, ™ -fed plants and using the relationship of Fig. 1,
construction costs are then given by the formula:

CC = (~1.041 + 5.077 * C,) * (1-M) + (5.325 * N,,) 6))

where CC is the total cost to produce one gram of plant biomass (g glucose/g dry weight),
C,, the carbon content of the organic biomass (g/g), Mand N the mineral and organic
nitrogen content of the total dry weight (g/g), respectively. The first part of the first term
of equation 1 is calculated from a regression through all the numbered points of Fig. 1.
The second part of the first term corrects for the mineral content of the biomass, assum-
ing a separation of costs for nutrient uptake and for growth. The second term adds the
additional cost for nitrate reduction to the total glucose costs, assuming all of the organic
N to be protein. In this equation, mineral content forms an essential part and cannot
be omitted.

Using data on the seasonal pattern of the ¢chemical composition of kiwifruit (Actinidia
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sinensis) and assuming that NH, " was the N-source, Walton et al. (1990) compared the
different methods. Basically, they all yielded similar results, with the Vertregt & Pen-
ning de Vries method 4% lower than average, and the method of Williams ¢t ol. (1987)
3% higher. As all of the simpler methods have correction factors or regression estimates
based on Penning de Vries et al. (1974), this may not come as a surprise. It also implies
that, if indeed the cost of protein synthesis is higher than listed in Table 1 (De Visser
et al. 1992), all of the correlative methods need correction. A consequence for the Ver-
tregt & Penning de Vries analysis would be that nitrogen content has to be included as
an independent variable in the regression equation regardless of whether NO,~ or
NH, " is the source of protein-N.

As they stand now, the last three procedures are relatively easy and quick to use, and
do not suffer from the problem of the proximate analysis of Penning de Vries et al. (1974),
where recovery may be significantly less than 100% (Chiariello et al. 1989), especially
in leaves (see discussion in Poorter & Bergkotte 1992). However, the proximate analysis
has the advantage that it provides insight into the biochemical differences underlying
variation in construction costs. A nice example of the power of the proximate analysis
approach is given in Walton et al. (1990), where ontogenetic trends in the glucose costs
of kiwi fruit could be explained by variation in the concentration of sugars, organic acids
and lipids over time.

3. Limitations to the concept of construction costs

The concept of construction costs has some limitations and uncertainties. Firstly, the
concept is static. Construction costs are estimated from the chemical composition at the
moment of harvest, so that energy expenditure for the maintenance of concentrations
of ecompounds subject to turnover is not taken into account (Penning de Vries ef al. 1974).
Similarly, redistribution of compounds later in a leaf’s life may cause calculated costs
to be different from real costs (Chapin 1989).

Secondly, there is uncertainty about the costs of N-assimilation. This is related to both
the proportion of N taken up as NO; ™, and the site of NO; -reduction. The high costs
of NO, ™ -reduction may only apply to roots. In the shoot, nitrate reduction may depend
partly on the reducing power generated in the chloroplasts (Layzell 1990). These costs
of reduction would not show up in respiration and could therefore, seen from the perspec-
tive of the carbon balance of the plant, be considered as nil.

A third point of concern is that the concentration of the various compounds listed in
Table 1 are not necessarily mutually independent. For example, most biosynthetic con-
versions require enzymes and therefore, synthesis of, say, lignin also requires synthesis
of some protein. In the formation of amino acids from glucose and NO,;~, OH™ is formed
(see appendix 1), which is partly neutralized by accumulation of organic acids. Thus, in
assessing the effect of a change in concentration of one compound, changes in other com-
pounds may have to be included as well.

Lastly, it should be noted that construction costs can always be calculated, but that
this does not imply that the production of glucose is the factor limiting growth.

4, Variation in construction costs

What is the range in construction costs to be expected in plant material? In compiling
data from the literature, I assumed that the various methods gave similar values. The
ferm in which the plant obtains its nitrogen is a complicating factor, because as men-
tioned above, there is a large difference in the construction costs of protein derived from
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Fig 2. Distribution curve of construction costs of plant biomass, as compiled from the literature and
supplemented with some additional data. A, leaves (n = 123); B, stems (n = 38); C, roots (n = 35);
D, seeds/fruits (n = 31). All values are determined assuming NOj;~ to be the N-source. Data of
Chung & Barnes (1977), Merino ef al. (1984), Merino (1987}, Berendse & Elberse (1989), Chapin
(1989), Gower et al. (1988), Williams et al. (1989), Sims (1990), Walton ef al. (1990), Sobrado (1991),
Kull ef al. (1992}, Nobel et al. (1992); Poorter, H., Dijkstra, P., Den Hartog, J. & Lenssen, G. (on
leaves of Alnus glutinosa, Elymus athericus, Plantago major ssp. major, Solanum tuberosum, Spar-
tina anglica, Triticum aestivurn, K L. Griffin (on leaves, stem and roots of Pinus teada), Bouma, T.
{on roots of Solanum tuberosum) and Baruch, Z. {on leaves and roots of Melinis minutiflora,
Hyparrhenia rufa, and Trachypogon plumosus), unpublished; and derived from proximate analysis
by Challa (1976), Lambers & Rychter {1989) and Poorter & Bergkotte (1992). Data of Miller et al.
(1990) were not included, as they seem to have miscalculated the construction costs.

NH," and from N O,~ (Table 1). Depending on the pH of the soil, some authors have as-
sumed the N-source to be solely NH,*, others NO; ™. For the purpose of comparison, I
have recalculated all data where NH4+ was considered to be the N-source, assuming
that it was NO,~ instead (Penning de Vries et el. 1983, Chapin 1989, Walton et al.
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Fig. 3. Range of construction costs generally found for leaves, stem, roots and fruit/seeds (10th and
90th percentile of the data of Fig. 2). Numbers give the average value.

1990). Fig. 2 shows a distribution curve of the compiled values. Such a distribution is
characterized by percentile values, which indicate the value below which a given percen-
tage of the observations is found. From the 10th and 90th percentile of all of the data
of Fig. 2, I conclude that construction costs of plant biomass generally range from 1.31
to 1.75. What factors contribute to this variation?

4.1. Variation between organs

The most obvious difference in construction costs is between various organs of a plant.
On average, seeds are most expensive to produce (Fig. 3), partly caused by the high lipid
and/or protein content in some species (cf. Penning de Vries ef al. 1983). But there are
also differences within the vegetative parts of herbaceous or woody species. From data
of Challa {1976), Chapin (1989), Sims (1990), and Poorter & Bergkotte (1992), I calculat-
ed costs for stems and roots of each herbaceous species, relative to the glucose costs of
leaves. On average, stems of herbacecus species had 12% lower construction costs than
leaves (p < 0.001), whereas roots were 17% lower (p < 0.001). The higher construction
costs of leaves are at least partly caused by their higher protein and lower mineral con-
tent (cf. Challa 1976, Poorter & Bergkotte 1992). The few data on woody species (Chung
& Barnes 1977, Chapin 1989, Griffin ef al. 1993), show that their stems and roots are
almost as expensive to produce as leaves. Indeed, Berendse & Elberse (1989) found
higher construction costs of shoots (mainly stem) and roots of an ericaceous shrub com-
pared to a co-occurring grass species. Most likely, the lower protein costs of stems and
roots are balanced by a high expenditure for lignin and/or lipids.
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4.2. Changes with ontogeny

Merino et al. (1984) harvested leaves of different age classes on three shrubs of the
chaparral. The two deciduous species showed a 10% decrease in construction costs with
increasing age class, but no downward trend was found for an evergreen. Chapin (1989)
did not find much of a difference either between leaves of different year classes in an
evergreen shrub. In woody twigs, a slight decrease with age was observed (Kull et al.
1992), in rhizomes of Podophyllum peltatum a 3% increase (De Kroon, H., Geber, M.A.
& Watson, M.A., unpublished results). Probably, from a whole plant perspective on-
togenetic shifts in biomass partitioning between organs are more important in deter-
mining variation in whole plant costs, than developmental variation within each organ
(cf. section 4.1.}. As far as I know, this has not yet been tested.

4.3. Effect of mycorrhiza

In a study on the effect of mycorrhizal infection on the carbon costs of fibrous roots of
Citrus volkameriana, Peng et al. (1993) found 8% higher construction costs for infected
plants. The higher construction costs coincided with a 2 to 3 fold increase in the concen-
tration of lipids in the roots. This could be explained by the extensive formation of lipid-
rich vesicles by the fungus, even at high P-concentrations.

4.4. Variation between environmenis

Information concerning the effect of environmental variables on construction costs is
scarce. Williams et al. (1989) compared leaf construction costs of individuals of two tropi-
cal tree species, growing either in gaps, or in the forest understorey. Plants grown at
high light had 10-20% higher construction costs than low-light plants. However, in
Alocasia macrorrhiza plants grown under high and low light conditions, Sims (1990)
found low-light grown leaves to be more expensive (5%). Leaves {(or shoots) of plants
grown at high N availability were reported to have 5—7% higher construction costs than
those grown at low nutrient concentrations (Lafitte & L.oomis 1988 for Sorghum bicolor,
Griffin et al. 1994 for Pinus taeda). However, fibrous roots of Citrus volkameriana grown
at high P-levels were somewhat cheaper (6%) than those grown at low P-supply (Peng
et al. 1993). In a field survey in the Mediterranean area, Merino (1987) did not find any
systematic difference between leaves of individuals of several species, grown at
nutrient-poor and nutrient-rich sites. No systematic difference between plants of xeric
and more mesic sites was found either. In a study on 6 species grown at 350 and 700
pmol.mol~1 CQy,, construction costs, determined with equation 1, were similar or slight-
ly higher in leaves of the high CO, grown plants (Poorter, H., Dijkstra, P., Den Hertog,
J. & Lenssen, G., unpublished results). For Pinus taeda, leaf construction costs were
found to be 3% lower for the high CO, plants as compared to those grown at control lev-
els (Griffin et al. 1994). Clearly, information on this subject is too scanty at present to
allow more than the tentative conclusion that environmental effects on construction
costs of leaves are either small or absent.

4.5. Variation between species

Miller & Stoner (1979) and Sobrado (1991) suggested that species with long-lived leaves
{evergreens) have higher construction costs than species with a shorter leaf life-span
(deciducus plants). However, there is hardly any evidence to support this claim. Miller
& Stoner calculated construction costs of leaves of 3 species on the basis of an incomplete
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proximate analysis (no determination of non-structural carbohydrates, organic acids
and minerals) with a total recovery of 80% for the deciduous species and only 50% for
the evergreen ones. From their table, they appear to have assigned this missing part
proportionally over the compounds they did measure. However, if they had assumed the
missing portion to be carbohydrates, hardly any difference between the two evergreens
and the one deciduous species would have been observed. Clearly, total recovery is much
too low in their case to support any claim. Sobrado (1991) compared 4 evergreens with
8 deciduous woody species and found that the construction costs for the evergreens were
more than twice as high. However, she expressed all values on an area basis, thus con-
founding this parameter with the specific leaf area (leaf area:leaf weight ratio), which
varies twofold between the groups. Although the specific leaf area is an important
parameter in itself, I prefer to uncouple it from the dry weight composition, and thus
from the construction costs per unit weight. Calculated on a weight basis, there is no
significant difference in the glucose costs between these two groups. Gower ef al. (1989)
found leaves of a deciduous conifer to be 12% cheaper than those of an evergreen conifer.
Merino et al. (1984), on the other hand, reported leaves of an evergreen to be less costly
than those of two drought-deciduous shrubs. Also in this case recovery was low for the
evergreen species. Clearly, those comparisons based on just a few species do not permit
a general conclusion. In a comparison of 46 woody species growing in their natural
habitat, Merino (1987) did not observe systematic differences between leaves of vines,
shrubs and trees. However, on average the species with small leaves had 9% higher con-
struction costs than species with larger leaves. There was a 7% difference between ever-
greens and deciduous species in this survey, but within the group of species with similar
leaf size, this difference was no longer significant.

Not much of a difference between a number of woody rainforest species was found, af-
ter correcting for the difference in light climate between various individuals (Williams
et al. 1989). Chapin (1989) did not observe any systematic difference between leaves of
different classes of tundra species. From the proximate analysis of leaf material, he
deduced that the underlying reason for the constancy in the construction costs across
these tundra species was due to the accumulation of either protein or lignin, or tannin
instead of lignin. Thus, one expensive component was “exchanged” for another, leaving
the total concentration of expensive compounds at a similar level. A slightly different
conclusion was reached by Poorter & Bergkotte (1992). They did not find any systematic
differences in the construction costs of a range of potentially fast- and slow-growing her-
baceous species. In their experiment, there was also a negative correlation between pro-
tein and lignin, but as variation in lignin content was small anyway, this negative corre-
lation did not explain the relative constancy quantitatively. For these species, a high
concentration of costly protein coincided with a high content of cheap compounds, espe-
cially minerals (Fig. 4).

Thus, from the literature available I conclude that there is hardly any evidence for in-
terspecific differences in glucose costs of leaves between functional groups of plants.
However, large-scale comparisons of species with contrasting life form and ecological
strategy are not available, certainly not at the whole plant level. If indeed stem and root
biomass of woody species are more costly to produce than those of herbaceous species,
construction costs of whole plants might be higher in the first group.
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Fig. 4. Correlation between the concentration of protein and minerals for the whole plant biomass
(dry weight) of 24 herbaceous species grown hydroponically. Data of Poorter & Bergkotte (1992).
p < 0.001, r2 = 0.60).

5. Ecological considerations
5.1. Differences in construction costs

The first publications in this field assumed that long-living evergreen leaves had higher
construction costs than short-living deciduous onesie.g., Johnson & Tieszen 1976, Miller
& Stoner 1979). The reason for the higher construction costs was supposed to be the high
investment in expensive secondary compounds, like lignin and anti-herbivore com-
pounds. However, as discussed above (section 4.5), very little experimental evidence sup-
ports this contention. Expressed on a weight basis, there is no significant difference be-
tween evergreen and deciduous species (Chapin 1989, Sobrado 1991). Differences
between leaves of plants from contrasting environments are alse small or entirely ab-
sent. Can we therefore dismiss construction cost as an ecologically important factor?

5.2. Payback time of a leaf

An alternative hypothesis was proposed by Williams ef al. (1989), that the ratio of con-
struction costs to carbon gain, rather than the absolute construction costs, differ for eco-
logically different species (see also Saeki & Nomoto 1958, Chabot & Hicks 1982). They
found that species with leaves characterized by a long leaf longevity have a high ratio
of construction costs over daily carbon gain, whereas the opposite was found for species
with short-lived leaves. Based on estimates of daily rates of photosynthesis, respiration
and construction costs they found that leaf payback time, the time required for a leaf
to fix the same amount of glucose as required to construct that leaf, differed between 5
and 3000 days.

The arguments of Williams ef al. are convincing, but their approach contains a number
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of simplifications. Firstly, they related the construction costs to the net daily carbon
gain, subtracting total night respiration of the leaf from the net earbon uptake during
the day. Such an approach ignores that part of respiration (with a magnitude depending
on the developmental stage of the leaves) is used to provide energy for the construction
of biomass and in this way is already included in the construction costs. If one is interest-
ed in the time a leaf needs to fix the amount of CQ, required to meet its construction
costs, then subtraction of total leaf respiration, including that for growth, leads to an
overestimation of payback time.

Secondly, Williams et al. (1989) assumed that for a leaf to pay back its construction
costs, all photosynthates produced by the leaf are of equal weight. That is, photosyn-
thates produced early in the life of a leaf have the same value for the payback of construc-
tion costs as photosynthates produced later by that leaf (see equation A2 in appendix 2).
This seems an oversimplification, best illustrated by an economic analog. Suppose per-
son A has borrowed 100 dollars from person B. Person A is able to set aside 1 dollar a
day in order to pay back his debt. In doing so, he has roughly two options. He can keep
his savings at home, in which case it will take him 100 days to accumulate the required
100 dollars. In this case, all dollars are of equal value. Alternatively, person A may daily
bring his dollar to the bank. In that case, the first dollar will yield interest over the
whole period required to accumulate the 100 dollars. The last doliar brought in does not
provide any interest at all. Thus, the total time person A requires to pay back his debt
is less than 100 days and the first dollar has been of relatively higher value than the
last one. The second alternative seems most closely related to the functioning of a plant,
where sugars are continuously re-invested in new material. Starting from the day when
a leaf becomes a net exporter of sugars, the first photosynthates exported may be used
to construct another leaf, which may then contribute to the payback of the first leaf as
well (cf. Harper 1989). Photosynthates produced later in a leaf’s life, although chemical-
ly identical, have not had the ability to undergo a similar number of “multiplication
steps” and therefore contribute less to the total amount of sugars required for the pay-
back of a leaf. A formula to calculate the payback time of the “average’ leaf, taking into
account this compounding effect, is derived in appendix 2 (equations A3—AB8). Using this
formula, the payback periods as found by Williams ef al (1989) are reduced by 30%.

5.3. Payback time of the whole plant

Lastly, the approach of Williams et al. (1989 focuses on carbon gain and construction
costs of leaves only. However, a leaf does not function by itself. Without support struc-
tures and organs for uptake and transport of water and nutrients, CQ, fixation is gener-
ally impossible, so their additional costs for construction and maintenance should also
be calculated. A more realistic assessment of payback time then includes; a) respiration
for growth is not subtracted from the daily carbon fixation, b) allowance is made for the
compounding effect of partly paid-back carbon, and c¢) the payback time of whole plants
is considered, instead of leaves only (see appendix 2, equation A8). To illustrate such an
approach, I have calculated the payback time for 24 wild herbaceous species, with a wide
range in potential growth rates. The growth rates and biomass allocation have been
reported in Poorter & Remkes (1990), the rates of photosynthesis and ion uptake in
Poorter et al. (1990 and 1991, respectively). Construction costs were calculated from the
chemical composition given in Poorter & Bergkotte (1992) and the glucose costs of the
various compounds as listed in Table 1. Respiration related to maintenance, growth and
ion uptake was not determined directly. I therefore subiracted the value of maintenance
respiration (in case of shoots and roots) and respiration related to ion uptake (in case
of roots) as computed by Van der Werf et al. (1988) from the rate of photosynthesis,
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Fig. 5. Payback time of whole plants of 24 herbaceous species plotted against their relative growth
rate. Payback time was calculated from measured rates of photosynthesis, allocation and chemical
composition, an assumed maintenance respiration of 6.4 nmol CO, (g DW)~15" 1, and an assamed
cost of ion uptake of 4 mol ATP mol~1 anions. (0 ), NOg~ reduction included in the costs; (&), ni-
trate reduction not included in the construction costs. The continuous line is the mathematical rela-
tionship between doubling time and relative growth rate.

assuming the remainder of respiration to be related to growth. Thus, I could estimate
the time required for one gram of whole plant material to meet its own construction
costs. For young, vegetative plants of the 24 species these values for the payback time
are given in Fig. 5 as open circles. The values range from 2.3 to 7.3 days. For comparison,
T have also calculated the payback time of leaves, which varied between 1.4 and 3.6 days
under the conditions used in this growth room experiment.

Are these values realistic? As the payback time is the time for 1 gram of plant material
to meet its construction costs, it is in fact the doubling time of plant material. And as
doubling time is a variable which gives the growth rate of an organism, corrected for
its weight already present, it is actually ancther way to express the relative growth rate
(RGR). The mathematical relation between doubling time and RGR is given in Fig. 5 by
the continuous line. This line does not fit the calculated payback times very well (r? =
0.10). Although the calculated values show the same general trend they are, on average,
35% higher than those derived from the measured RGR’s. That may be due to the fact
that nitrate reduction is included in the construction costs. As indicated above (section
3), NO4 -reduction occurring in the shoots does not (fully) show up in the carbon
balance of the plant. If I assume nitrate reduction occurs at no glucose cost, caleulated
payback times (closed squares in Fig. 5) and doubling times come much closer (r2 =
0.76). The goodness of fit depends on a number of assumptions, e.g., the ADP:O ratio of
respiration, here assumed to be 3, may actually be less (cf. Poorter et al. 1991) and there-
fore increase glucose costs. However, a change in such an assumption does not severely
affect the overall trend.
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5.4. Generalizations

Starting from the biochemical background of variation in construction costs and follow-
ing the line of Williams et al. (1989), we have arrived at the RGR of the whole plant.
Thus, from the perspective of the whole plant, the concept of payback time is actually
a physiological specification of part of the plant strategy theory of Grime & Hunt (1975)
and Grime (1979), where RGR plays an important differentiating role between stress
tolerators versus competitors or ruderals.

How can the observed differences between the potentially fast- and slow-growing spe-
cies at the cellular and organ level best be arranged in a conceptual framework? A genet-
ic difference causes slow-growing species to invest a large fraction of their leaf biomass
in cell-wall constituents and quantitative secondary compounds like lignins, whereas
fast-growing species invest relatively more in compounds related to the cytoplasm, espe-
cially protein, but also in minerals and organic acids (Niemann et al 1992, Poorter &
Bergkotte 1992). As a consequence, total construction costs are rather similar, but net
carbon-gain per unit leaf weight is much higher for the fast-growing species (Poorter et
al. 1990, Garnier 1991, Reich ef al. 1991). And as interspecific variation in the fraction
of plant biomass allocated to leaves is much smaller than variation in the physiological
activity (cf. Garnier 1991), at least under conditions of optimum nutrient supply, a differ-
ence in carbon gain per unit leaf weight generally translates into a difference in net car-
bon gain per unit total plant weight as well, and therefore into a difference in relative
growth rate. If this line of reasoning is correct, anatomical/biochemical features rather
than the construction costs per unit leaf weight differentiate between ecologically con-
trasting species. Payback time of leaves, or the RGR of whole plants is then a mere conse-
quence of these differences.
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Appendix 1

Nitrate reduction occurs in two steps:

NO,~ + 2H - NO,~ + H,0
NO,” +6H - NH,*+ + 2 OH~
NO,” +8H - NH,* + 2 OH- + H,0

Next, glutamate is formed:

NH,* + glutamate + ATP - glutamine + ADP + P;
glutamine + 2-oxoglutarate + 2 H - 2 glutamate + H*
NH,* + 2-oxoglutarate + ATP + 2 H - glutamate + ADP + P; + H*

Subsequently, either with or without transamination, other amino acids can be formed, mostly at
additional cost. E.g.:

glutamate + ATP + 2 H — glutamyl semialdehyde + ADP + P;
glutamyl semialdehyde — pyrroline-5-carboxylate + H,0
pyrroline-5-carboxylate + 2 H — proline

glutamate + ATP + 4 H - proline + ADP + P,
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The last step is polymerization, at a cost of probably 4 ATP. Two ATP for the formation of tRNA,
1 ATP for the elongation of the peptide chain and 1 ATP for moving the ribosome to the next mRNA
codon (Thornley & Johnson 1990):

AA, + AA + 4 ATP - AA,,, +H;0 + 4 ADP + 4P,

Apart from these direct costs, there are indirect ones. The mRNA is occasionally hydrolysed and
re-synthesis of one three-subunit codon requires 6 ATP. Furthermore, error correction by tRNA
synthetases and signalling sequences may increase the costs of protein synthesis (De Visser ef al.
1992). Finally, as different amino acids have different costs, total costs of the protein will depend
on its amino acid composition. For further details see, e.g., Thornley & Johnson (1990}, Costs that
are normally not considered in protein synthesis, but are of indirect nature as well, are those relat-
ed to neutralization of the OH~, formed during the above given reactions. This occurs partly by
formation of organic acids.

Note: Partly depending on the organ and organelle where the above-given reactions take place,
reducing power (H) may be provided by NADH, NADPH or Fd_ .

Appendix 2

Assuming no ontogenetic drift in the rates of photosynthesis and maintenance respiration, the net
amount of sugars produced by one gram of leaf that can be re-invested in growth (GP, g glucose g1
DW day 1) over time t (days) is given by

GP=(PS-LR,).t (A1)

where PS is the daily rate of photosynthesis (g glucose g~1 DW day— 1), and LR, the maintenance
respiration of the leaves (g glucose g ! DW day~1). Payback time is defined as the time at which
GP equals the construction costs. If all the photosynthates produced by a Ieaf weigh equally, as as-
sumed by Williams et al. (1989), payback time (PT, days) of one gram of leaf is given by

cC A
PT="Ps—1IR, (A2)

where CC are the construction costs to build one gram of material (g glucose g—! DW).

Alternatively, photosynthates produced early in a leaf's life may be used to construct another
leaf, which may then contribute to the payback time of the first leaf as well. In its simplest form,
where sugars are invested in new leaves without delay, this would lead to an exponential increase
in biomass. In formula, total biomass produced (BP, gram) over time t, starting from 1 gram of leaf
is:

(PS—LR,)
co -*
BP =e -1 (A3)

Total glucose invested in biomass during that period is, by definition:
GP =BP.CC (A4)
and thus, over a period t, the total amount of glucose that was available for growth is

®PS-LRy
Gp=cC.e ©SC ' -cc (A5)

Payback time is then given by
In(2). CC

= PS-IR. (A6)
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At the whole plant level, formula A5 converts into:

(PS—LRy) . LWRSRy, . SWR-(RRy,+RR,) . RWR
GP = CCee ¢ - cc A

where SWR and RWR are Stem Weight Ratio (biomass stems:total plant biomass) and Root Weight
Ratio (biomass roots:total plant biomass), and SR, RR,, and RR the daily rates of stem main-
tenance respiration, root maintenance respiration and respiration related to uptake of nutrients
(g glucose g—! DW day—1), respectively.

And thus, payback time of the whole plant becomes:

In(2). CC

PT = S LR.). LWR-SR, . SWR-(RR, T RR,) . RWR (a8

Note added in proof:

As suggested in the legend of Fig. 2, the values of Miller ef al. (1990) are not correct. The
construction costs in their Table 2 should be: 1.21 + 0.02, 1.26 + 0.04, 1.33 + 0.02, 1.07
+0.02,1.18 4+ 0.02, 1.14 + 0.03 and 1.23 £ 0.03 (P.M. Miller, personal communication).
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