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Fig. S1 Residuals after fitting a SMA regression through log-log transformed organ mass

data. For clarity, the residuals are binned for the 50 size classes, and the median residuals

for each size class are connected with a red line.
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Fig. S2 Phylogenetic tree of the Leaf Mass Fraction (LMF) data. Data are based on the
deviations of the LMF of each record from the median trend line (pLMF) as shown in Fig. 2a,
expressed as percentiles and calculated per size class (see Methods). Note that a pLMF of 50
indicates that the species does not deviate from the median trend. The total number of species
included is 482. The species colour indicates the average pLMF for that species, for explanation

of the colour code see the legend of the figure.
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Fig. S3 Distribution of the deviations from the overall allometric log-log curves for various
functional groups for (a) Leaf mass vs. stem mass scaling (b) Leaf mass vs. Root mass scaling
and (c) Stem mass vs. Root mass scaling. The overall allometric curves were first determined
by a Loess fit, and for all observations the deviations from the fitted line were calculated and
averaged over species. Species averages were then used to determine boxplots of the
distribution of values per species. The boxplot indicates the 10", 25" 50", 75" and 90™
percentile. Wo.: woody; He.: herbaceous; Evg.: evergreen; Dec.: deciduous; Perenn.: perennial;
Gymn.: gymnosperms; Angio.: angiosperms; Mono: monocotyledons; Eudico.: Eudicotyledons.
Significance values indicate t-tests for significant deviation from 0, which indicates no deviation
from the overall allometric curve. +, 0.05 < P < 0.10; *, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Note S1. Methodological assumptions

There were four important assumptions in our methodology, shared with previous studies. First,
we assumed that differences among studies in how the whole plant was separated into leaf,
stem and root would have only a small effect on the patterns analysed. Not all investigators
followed exactly the same protocol, and not all described their specific protocol. Ideally, organs
would be consistently defined by function; for example, leaf lamina, as the organ most active in
photosynthesis, would ideally be consistently separated from petioles and, in grasses, from leaf
sheaths, which mainly function to position the leaf blades in a favourable location and for water
and sugar transport (Pérez-Harguindeguy et al., 2013 and references therein). However, in a
number of reports petioles and/or leaf bases were included in the leaf fraction. We made a
correction only in the case of palm trees, where leaves can be up to 8 meters long with petioles
as thick as small branches of dicotyledonous trees (Corley & Tinker, 2003). In those cases we
subtracted petiole and rachis from total leaf mass, using supplementary data of other
publications as necessary. We also presumed that differences among studies in the separation
of stems and roots would not have a strong effect on the analyses.

Our second assumption was that root mass was accurately measured. The extraction of
roots from solid substrates can be challenging (Mokany et al., 2006). On the one hand, root
mass can be overestimated if roots are not cleaned well enough of adhering soil particles; on
the other hand, root mass is underestimated if not all roots are recovered. Based on
sophisticated methods where the root diameter of various roots were taken into account, the
fraction of unrecovered root mass or volume for a Pinus root system was estimated to be 17%
in young plants but only 4% in older ones (Danjon et al., 2013; Chmura et al., 2013). The effect
of such error would be relatively modest, though for large field-grown trees no estimates are
available.

Third, we assumed that total plant biomass is a far more important driver for biomass
distribution than the age or — for trees — the ontogenetic stage of a plant. Some studies focused
on size-related changes within species, while others, especially in zoology, have focused on
differences across species when measured at the adult reproductive stage. In plants, modular
and indeterminate growth generates far more variability in size at any ontogenetic stage than in
animals, and size imposes a variety of functional constraints. It is also a strong determinant in
competition. We therefore decided to include both younger and older plants, as long as they
matched the criteria given in Material and Methods. Ontogeny will be an important factor,
especially when flowering occurs in monocarpic species. We therefore excluded all herbs as
well as monocarpic woody species in the generative phase. Consequently, the overall database
has both ontogenetic and interspecific components, and total plant size is considered to be the
main driver.



Our fourth assumption was that the plants for each size class in the dataset constitute a
representative subsample with respect to growth conditions, functional group, and phylogeny.
That is, for all sizes of plants there are individuals grown at various environmental conditions
(high/low temperature, nutrients, densities, etc.). Larger trees were only grown and harvested in
the field, so we also assume that the mix of conditions for small trees (partly experimental, partly
field) was not very different from those of larger trees (partly plantations, partly natural). Thus,
we supposed environmental effects to be randomly and equally distributed over the full range of
data, adding noise to the data set, but without driving any substantial systematic deviations.
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Note S2. Inference value of r? in plant allometric analyses

Sensitivity analysis of the effect of a predefined range in Root Mass Fraction (RMF: fraction of
Total Plant Mass (TM) invested in roots) on the explained variance (r?) of the relationship
between log(root mass) and log(shoot mass). The predefined ranges were chosen to be narrow
from a biological perspective (0.4 < RMF < 0.6), realistic (0.07 < RMF < 0.70; as observed for
the current data set based on the 0.5" and 99.5" percentile), very wide (0.01 < RMF < 0.99) and
improbably wide (0.001 < RMF < 0.999). Each correlation was based on 20,000 random
drawings as explained below. Overall variation in simulated plant mass was either 10 orders of
magnitude, or 1 order of magnitude.

r2
: 10"-fold 10-fold
Range in RMF range in TM | range in TM
0.40 - 0.60 0.999 0.886
0.07 - 0.70 0.982 0.170
0.01-0.99 0.941 0.011
0.001 — 0.999 0.932 0.020

Simulations

To evaluate the meaning to be attached to the actual value of r? in allometric relationships, we
simulated a population of plants with substantial variation in biomass, drawing randomly from a
uniform distribution of log-transformed total plant mass, for a range that comprised 10 orders of
magnitude in biomass. This is more or less similar to the current dataset. For each of these
plants, root mass was then calculated, after simulating a Root Mass Fraction by randomly
drawing from a uniform distribution with values ranging from — in the first scenario - 0.40 to
0.60. Shoot mass was then simply the difference between the mass of the total plant and the
roots. We drew samples for 20,000 simulated plants in total, and subsequently calculated the r?
of the allometric relationship between the log-transformed shoot and root mass for all 20,000
observations. The analysis was then repeated with three other scenarios with increasingly wider
intervals for the RMF.

The compiled data showed very tight relationships between organs (r? 20.932; see table above),
and between each organ and total plant biomass (r* 20.992). We analysed how such high r?
values for the relationships between the biomass of two organs should be interpreted, and
whether it permits the inference of a fixed scaling exponent, in principle. We simulated cases
with various ranges in RMF. In the case of relatively narrow variation in RMF (0.40-0.60), we
found that the allometric relationship yielded an r? higher than 0.99. However, when allowing



RMF to vary randomly across the range actually observed in our compiled dataset (99% of the
cases were in the 0.07-0.70 range), the r* still exceeded 0.98. Only in simulations when the
range in allocation became much larger than normally observed (0.01 — 0.99 or wider) was the
r? <0.95. Indeed, even if the shoot and root system of plants showed highly variable
proportionality, that is when RMF ranged between 0.01 and 0.99 (and thus, shoot:root ratios
were confined between 0.01 and 99), the correlation between log-transformed shoot and root
biomass was still around 0.94 or higher. The high r’s were predominantly due to the large range
of biomass considered; the r* dropped dramatically with increasing range of RMF when the
same allometric relationship is considered over one rather than ten orders of magnitude in plant
size (Table above). Hence, the fact that an allometric equation “explains” ~97% of the variation
in shoot and root mass according to its r*, does not allow the inference of the central tendency
of biomass allocation. Direct examination of the allometries, and potential shifts in the
allometries are necessary to establish the central trend, and whether it is fixed or dynamic.



Note S3. Accounting for changes in the economics of C allocation during growth

The central features of the economics of plant carbon allocation are that the effect of C
investment in any pool on growth must be saturating — i.e., growth rate G approaches a finite
limit as C in any pool approaches infinity — and that the effects of each C investment on growth
rate are not independent: if investment is high in one pool, this increases the return on
investment in other pools due to their mutual influence on photosynthesis. Perhaps the simplest
implementation of these features is

G oc Cs Cr CI
c,+k, \c, +k, Nc +k

Apart from the saturation constants kj, the carbon pools are indistinguishable in this model.
When carbon allocation is optimised in this model (by modulating allocation over time, during
growth, so that the marginal products for each pool remain equal: 0G/ocs = 0G/oc, = 0Gloc),
allocation is isometric:
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(The lines for LMF and RMF have been shifted up by 0.01 and down by 0.01, respectively, to
make them visible.) To capture what happens during height growth, we must incorporate the
effect of height, which influences the economics of allocation to stems, roots and leaves
differently. Suppose that height growth brings diminishing returns because its benefits for light
capture are counteracted by its negative impact on water transport. This can be expressed
qualitatively by multiplying G by a hyperbolic function of height analogous to the terms for the
carbon pools:



C, c, C h
G o
c, +k, \c, +k, ¢ +k fh+k,

where h is height. Height also depends on stem carbon. Supposing that height is proportional
to the 2/3 power of stem diameter as specified by buckling theory, and that stem carbon is
proportional to the product of height and diameter, it follows that h oc ¢"!*V@3)=¢ 25 = ¢ o+ =
c? where B8 = al/(a+1) and a = 2/3 and 8 = 2/5 nominally. Then

h ¢
h+k, cf+k,
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This model predicts increasing scaling exponents for stem relative to roots, decreasing
exponents for leaf relative to stem, increasing SMF and decreasing RMF and SMF -- as

and

observed:
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Interpretation

We do not suggest that this model should be directly interpreted as a mechanistic model for
predicting changes in allometry during plant growth and neither should be the exact values of
scaling exponents or mass fractions. For one, it omits many important features that may
influence the economics of carbon allocation, such as the mechanical demands for below-
ground anchorage, the effect of leaf investment on hydraulic conductance, the respiratory and
hydraulic costs of height growth, the loss of leaf and fine root investments to senescence and
the conversion of sapwood to heartwood, and the return of nutrients to the soil from leaf litter



during growth. To incorporate all of these features requires a radically more detailed and
mechanistically explicit model, and it is unlikely that any such model will apply generally enough
across types of plants and environments to permit general theories of allometric scaling to be
deduced. Instead, the analysis above shows that when MST's fundamental assumption about
plant carbon economics — namely, that growth is directly proportional to leaf biomass — is
minimally elaborated to include qualitative features of the economics of stem and root carbon
investment, it quickly emerges that allometric scaling constants should vary continuously and in
complex fashion during plant growth.

Simulation methods

We simulated the growth model described above using ks = k.= k= 1 with initial biomass pool
sizes equal to 1/6 so that the total initial biomass was 0.5. For simulations including the
saturating positive effect of height, we set k, = 1. In each time step, the marginal product for
each biomass pool was computed numerically using a small biomass increment (10”°), and the
biomass pool with the greatest marginal product was incremented by the biomass available for
allocation, which was computed as the product of G and an arbitrary timestep of 0.3. This
ensured that the marginal products remained approximately equal across biomass pools during
the simulated growth period.



Table S1. Literature references on which the database is built.

Herbaceous species:

A-E

Alameda et al. (2012) Soil Till. Res. 120: 121-129; Ali (2000) Plant Sci. 152: 173-179; Ali et al.
(2013) J. Plant Growth Regul. 32: 604-614; Almeida et al. (1999) Plant Soil 210: 159-166;
Ambrose & Sciuchetti (1962) J. Pharm. Sci. 51: 934-938; Andrews et al. (1992) Ann. Bot. 70:
271-276; Anten et al. (2003) Ecology 84: 2905-2918; Balachandran et al. (1997) Plant Physiol.
114: 475-481; Bar & Pressman (1996) J. Am. Soc. Hortic. Sci. 121: 649-655; Barker et al.
(1996) New Phytol. 133: 637-642; Barnes et al. (1993) Crop Sci. 33: 1041-1046; Barrett &
Gifford (1995) J. Biogeogr. 22: 331-339; Bar-Tal et al. (1995) Sci. Hortic. 63: 195-208; Baruch et
al. (2000) Int. J. Plant Sci. 161: 107-118; Benner & Bazzaz (1988) J. Ecol. 76: 19-40; Bennett &
Runeckles (1977) Crop Sci. 17: 443-445; Boot & Den Dubbelden (1990) Oecologia 85: 115-121;
Bourdot et al. (1984) New Phytol. 97: 653-663; Brown et al. (1995) J. Am. Soc. Hortic. Sci. 120:
808-813; Brummett & Sciuchetti (1960) J. Pharm. Sci. 49: 274-277; Bullock (1984) Oecologia
63: 426-428; Bunce (1990) Ann. Bot. 65: 637-642; Carmi et al. (1983) Photosynthetica 17: 240-
245; Carter et al. (1997) New Phytol. 136: 245-253; Causin & Wulff (2003) Can. J. Bot. 81: 152-
163; Chabot (1978) New Phytol. 80: 87-98; Chapin et al. (1989) Oecologia 79: 96-105;
Clevering (1997) Wetlands Ecol. Manage. 5: 275-287; Clough et al. (1979a) Oecologia 38: 13-
21; Clough et al. (1979b) Plant Physiol. 64: 25-30; Coleman & Bazzaz (1992) Ecology 73: 1244-
1259; Corre (1983b) Acta Bot. Neerl. 32: 185-202; Cowan & Reekie (2008) Plant Biol. 10: 202-
210; Cramer et al. (1995) J. Exp. Bot. 46: 1569-1577; Cris & Stout (1929) Agric. Exp. Stat.
MSC, No 6.; Cunniff et al. (2008) Glob. Change Biol. 14: 576-586; Cure et al. (1987) Bot. Gaz.
148: 67-72; Dai et al. (1992) Crop Sci. 32: 1269-1274; Dale (1964) Ann. Bot. 28: 127-135; De
Groot et al. (2001) Plant Cell Environ. 24: 1309-1317; De Pinheiro & Marcelis (2000) Ann. Bot.
86: 1073-1080; Debez et al. (2004,2006) Plant Soil 262: 179-189; Env. Exp. Bot. 57: 285-295;
Delgado et al. (1993) J. Exp. Bot. 44: 1-7; DelLucia et al. (1985) Photosynth. Res. 7: 175-184;
Den Dubbelden & Oosterbeek (1995) Funct. Ecol. 9: 628-634; Den Hertog et al. (1993)
Vegetatio 104/105: 369-387; Den Hertog et al. (1996) Physiol. Plant. 98: 77-88; Detling et al.
(1979) Oecologia 41: 127-134; Dias-Filho (2002) Pesq. agropec. Bras. 37: 439-447; Dippery et
al. (1995) Oecologia 101: 13-20; Donnelly et al. (2001) New Phytol. 149: 265-271; Dueck et al.
(1999) AB-DLO report 207, WUR; Dunn et al. (1987) J. Exp. Bot. 38: 433-441; Elemans (2004)
Acta Oecol. 26: 197-202; Eng et al. (1985) J. Hortic. Sci. 60: 389-395; Evans & Hughes (1961)
New Phytol. 60: 150-180; Evans & Poorter (2001) Plant Cell Environ. 24: 755-767; Eze et al.
(1973) Ann. Bot. 37: 315-329;

F-J

Feng et al. (2007) Acta Oecol. 31: 40-47; Ferris & Taylor (1993) New Phytol. 125: 855-866; Flint
et al. (1984) Weed Sci. 32: 655-666; Flynn et al. (2006) Env. Exp. Bot. 56: 10-18; Franzaring et
al. (2000) Env. Exp. Bot. 44: 39-48; Funnell et al. (1998) J. Am. Soc. Hortic. Sci. 123: 973-979;
Garnier (1992) J. Ecol. 80: 665-675; Garnier et al. (1989) Oecologia 79: 542-550; Ghannoum &
Conroy (1998) Aust. J. Plant Physiol. 25: 627-636; Gibson et al. (2001) Weed Res. 41: 59-67;
Gifford (1991) NERDDC report 1402; Gimplinger & Kaul (2009) J. Appl. Bot. Food Qual. 82:



183-192; Gloser & Bartak (1994) Photosynthetica 30: 143-150; Groeneveld HW. (unpubl.);
Gunn et al. (1999) Funct. Ecol. 13: 3-11; Guzman & Olave (2006) J. Food Agric. Environ. 4:
163-165; Hameed et al. (1987) Ann. Bot. 59: 685-692; Hao et al. (1997) Can. J. Bot. 75: 213-
219; Hardacre & Turnbull (1986) Ann. Bot. 58: 779-787; Harmens et al. (2000) Ann. Bot. 86:
833-839; Heide et al. (1985) Physiol. Plant. 65: 135-145; Hibberd et al. (1996) New Phytol. 134:
309-315; Hirose & Kitajima (1986) Ann. Bot. 58: 479-486; Hocking & Meyer (1985) Ann. Bot. 55:
835-844; Hocking & Meyer (1991) Aust. J. Plant Physiol. 18: 339-356; Hoddinott & Hall (1982)
Can. J. Bot. 60: 1285-1291; Hofstra et al. (1985) Physiol. Plant. 63: 13-18; Holt (1988) J. Appl.
Ecol. 25: 307-318; Horsman et al. (1980) Aust. J. Plant Physiol. 7: 511-517; Horsman et al.
(1981) Aust. J. Plant Physiol. 8: 405-408; Hossain et al. (2012) Aust. J. Crop Sci. 6: 480-487;
Hughes & Evans (1963) New Phytol. 62: 367-388; Hurd (1968) Ann. Bot. 32: 531-542; Hurd
(1974) Ann. Bot. 38: 613-623; Hurry et al. (1995) Plant Physiol. 109: 697-706; Imai & Murata
(1976) Proc. Crop Sci. Soc. Jpn. 45: 598-606; Ishikawa & Kachi (2000) Ecol. Res. 15: 241-247,
Jablonski (1997) Can. J. Bot. 75: 533-545; James (2008) Plant Soil 310: 201-210; Jeangros &
Nosberger (1992) Weed Res. 32: 311-316;

K-O

Kalapos et al. (1996) Plant Soil 185: 137-149; Kanno et al. (2009) Soil Sci. Plant Nutr. 55: 124-
131; Khan & Tsunoda (1970a) Tohuko J. Agric. Res. 21: 47-59; Khan & Tsunoda (1970a)
Tohuko J. Agric. Res. 21: 60-72; Khavari-Nejad & Chaparzadeh (1998) Photosynthetica 35:
461-466; Khavari-Nejad (1988) Photosynthetica 22: 116-120; Kirkby & Mengel (1976) Plant
Physiol. 42: 6-14; Knight & Mitchell (1988) J. Exp. Bot. 39: 317-328; Konings et al. (1989)
Oecologia 80: 111-121; Kraus et al. (1993) New Phytol. 123: 39-44; Lavinsky et al. (2007) New
For. 34: 41-50; Lenssen et al. (1993) Vegetatio 104/105: 379-388; Lenssen et al. (1995) Aq.
Bot. 50: 181-192; Lewis et al. (1999) Planta 210: 104-114; Liu & Stutzel (2004) Sci. Hortic. 102:
15-27; Liu & Stutzel (2004) Sci. Hortic. 102: 15-27; Lotscher & Nosberger (1997) Oecologia 111:
499-504; Loveys et al. (2002) Plant Cell Environ. 25: 975-988; Lucas et al. (1993) Planta 190:
88-96; Luo et al. (2009) Ann. Bot. 104: 1435-1444; MacDowall (1972) Can. J. Bot. 50: 89-99;
Malik et al. (2001) Aust. J. Plant Physiol. 28: 1121-1131; Maranon & Grubb (1993) Funct. Ecol.
7: 591-599; Maroco et al. (1999) Planta 210: 115-125; McKenna & Shipley (1999) EcoScience
6: 286-296; Meijkamp et al. (2001) Plant Ecol. 154: 137-146; Meziane & Shipley (1999) Funct.
Ecol. 13: 611-622; Mielke et al. (2003) Env. Exp. Bot. 50: 221-231; Miller et al. (1998) Crop Sci.
38: 122-128; Mingo et al. (2004) Funct. Plant Biol. 31: 971-978; Miranda et al. (2010) Agron.
Colomb. 28: 165-172; Mommer et al. (2006) J. Ecol. 94: 1117-1129; Mommer et al. (2007) New
Phytol. 176: 337-345; Mooney et al. (1995) Oecologia 104: 17-23; Morison & Gifford (1984)
Plant Physiol. 75: 275-277; Muller & Garnier (1990) Oecologia 84: 513-518; Nabel M. et al.
(unpubl.); Nagel et al. (2001) Physiol. Plant. 111: 33-39; Nagel K. (unpubl.); Nishizawa & Saito
(1998) J. Am. Soc. Hortic. Sci. 123: 581-585; Nogues et al. (1998) Plant Physiol. 117: 173-181;
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Table S3 Overview of the representation of various plant groups in the database. Data are

provided for the total number of observations for herbaceous and woody species, the % of the

total observations related to each phylogenetic class, the % of all observations of a phylogenetic

class that were made in the field (rather than in a growth chamber, a glasshouse, an Open Top

Chamber or in an experimental field), and the total number of species represented by the

observations in a phylogenetic class.

Functional # of Phylogenetic % of total % of the # of | # of species

Type observations class observations | observations per
in the made in the | phylogenetic

database field class

Herbaceous 2954 Monocots 12.2 0 192

Eudicots 14.2 0 210

Woody 8178 Gymnosperms 33.4 80 108

SEEE] 0.8 54 23

Angiosperms

Monocots 1.2 55 14

Eudicots 37.7 35 643

Intermediate 69 Eudicots 0.6 1 15




Table S4 Allometric scaling exponents as given for all records of all species, and for herbaceous
and woody species separately. (a) Standard Major Axis regression (SMA; model 2 regression)
for the intercept (a) and slope (B) of the regression of leaf mass (LM) vs. root mass (RM), stem
mass (SM) vs. root mass, and leaf mass vs. stem mass, all based on log10-transformed values.
The 95% confidence interval for the slope, as well as the r2 of the equation are given. (b)
Ordinary least square regression (OLS), tested for linear and quadratic relationships. a is the
value for the intercept, b1, b2 and b3 are the values for the linear, the quadratic and the cubic
component, respectively. The degrees of freedom was >3000 for herbaceous species and
>8,200 for woody species.

Sp(:::)ies Regression a B 95% Cl for B r?

All LM vs. SM 0.113 0.740 0.738 - 0.742 0.978

LM vs. RM 0.070 0.849 0.847 - 0.851 0.977

SMvs. RM -0.058 1.147 1.145-1.149 0.988

Herbaceous | LM vs. SM 0.239 0.864 0.855-0.872 0.928

LM vs. RM 0.192 0.985 0.972 - 0.991 0.931

SM vs. RM -0.054 1.140 1.128 - 1.153 0.904

Woody LM vs. SM 0.127 0.728 0.725-0.730 0.971

LM vs. RM 0.077 0.834 0.831 -0.837 0.970

SM vs. RM -0.069 1.146 1.143 - 1.149 0.987

Sp(eBc)ies Regression a b, b, bs r
All LM vs. SM 0.213 0.795 -0.0177 - 0.981
LM vs. RM 0151 | 0.897 | -0.0184 - 0.979
SM vs. RM 0126 | 1.144 | 00318 | -0.00606 | 0.989
Herbaceous | LM vs. SM 0216 | 0819 | -0.0082 0.926
LM vs. RM 0.173 0.918 -0.0219 0.931
SM vs. RM -0.102 1.081 - 0.901
Woody LM vs. SM 0.225 0.790 -0.0221 0.00094 0.977
LM vs. RM 0.110 0.897 -0.00356 0.975
SMvs. RM -0.147 1.138 0.0408 -0.00748 | 0.990






