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N scales. As size increases, the metabolically 
inert pith and heartwood constitute an increas-
ing fraction of biomass12, but the fraction of 
nitrogen-rich leaves decreases as M–¼  . Second, 
work extending metabolic scaling theory13,14 
anticipated their result by showing how varia-
tion in nutrients influence R and related rates 
by changing the intercept of the predicted cR, 
as observed1.

For both plants and animals, metabolic 
scaling theory provides a general mechanis-
tic baseline theory to predict how the scaling 
of metabolism is linked to the geometry and 
scaling of branching vascular networks, θ, tem-
perature and nutrient stoichiometry — that is, 
nitrogen concentration. As a result, metabolic 
scaling theory can successfully resolve appar-
ent exceptions and deviations3,6, including iso-
metric scaling in seedlings.
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Enquist et al.1 raise several points that they 
claim cast doubt on our findings and inter-
pretation2 regarding whole-plant relations of 
respiration, R, with plant mass, M, and total 
plant nitrogen content, N. We agree with 
Enquist et al. that R does not scale isometri-
cally with M across all plants. However, their 
assertion that we claim that isometric scaling 
(R � Mθ, with θ = 1) is universal in plants of 
all sizes is incorrect — in fact, we conclude the 
opposite2, noting that there is isometric scaling 
within individual experiments, non-isomet-
ric scaling of respiration versus mass across all 
data pooled, and no common relation across 
all data2. 

Enquist et al.1 also claim that isometric scal-
ing is evident only for very small seedlings that 
have a dry mass of less than 3 g (for example, 
see their Fig. 1b), but that leaf mass in larger 
plants is proportional to M¾   and R � M¾  . By 
contrast, our results show that R � M1.0 for 
plants ranging from 0.01 to 50 g, and from 1 
to 1,000 g, within individual studies (Fig. 1a 
in ref. 2) and that there are significant differ-
ences in the intercepts of these relationships2. 
Thus, θ < 1 for all plants pooled and differs in 
individual studies, such that no single R � M 
scaling model can apply, whereas R � N1.0 rec-
onciles all such differences2. Enquist et al.1 also 
criticize us for not noting their earlier sugges-
tion3 that θ might deviate from θ = ¾   for small 
plants, although they themselves predicted ¾ 
metabolic scaling in plants of all sizes3–5. 

The allometry presented in Fig. 1 of Enquist 
et al.1 does not address our findings, which 

directly test their prediction3–5 that R � M¾  . 
These allometric relations are not equivalent 
to measures of plant metabolism and are, at 
best, only indirectly relevant. Irrespective of its 
relevance to scaling, Enquist et al. claim that 
allometric relations (their Fig. 1) for leaf M � 
total Mθ show isometric scaling for seedlings 
of less than 1 g and θ ≈ ¾ for larger plants, 
although their Fig. 1 shows a θ that changes 
continuously across the entire gradient of size. 
As noted previously in a critique6 of the works 
of West, Brown and Enquist, arbitrary data 
parsing such as in Fig. 1 of Enquist et al.1 can 
lead to widely varying θ values: for instance, 
in their Fig. 1b, leaf M � total Mθ has θ ≈ 0.70 
for plants of less than 1,000 g (n = 334), 1.10 
for plants from 50,000 to 500,000 g (n = 158), 
and 2.20 for plants of more than 1,000,000 g 
(n = 25). Furthermore, an empirical study7 
of leaf to whole-tree allometry for large trees 
showed that θ could vary from much lower 
than ¾   to much more than 1.0 depending on 
the nature of the data set, further refuting any 
notion of a constant allometry of leaf M to total 
plant M following ¾   scaling rules.

Nonetheless, the work by Enquist and col-
leagues has stimulated the field by provid-
ing testable predictions3, such as a universal 
R � M¾   relationship4. The plant data of Gil-
looly et al.4 (n = 20) were mostly for fruits or 
tubers (not plants) such as bananas, lemons, 
strawberries and carrots, with data on R and 
M obtained from unrelated sources. Given the 
general importance of this predicted relation-
ship, including in subsequent synthesis and 

modelling by this group5,8, we tested it using 
a comprehensive data set2 that included cou-
pled whole-plant mass and respiration meas-
ures. Those data do not support predictions of 
a universal R � M¾   scaling in plants.

Figure 1 | Evidence for positive carbon balance 
across all plant sizes. a, b, Estimated maximum 
24-hour net carbon balance in relation to total 
plant mass (a) and total plant nitrogen (b) for the 
plants in ref. 2. The 24-hour net carbon balance 
is based on predicting light-saturated rates of net 
photosynthesis from photosynthesis–nitrogen 
relationships11, and scaling carbon gain and 
respiratory carbon loss to the whole plant based 
on tissue nitrogen and biomass distribution.
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Enquist et al. largely sidestep our main 
findings, namely the whole-plant scaling of 
R � N1.0. This finding is supported across five 
orders of magnitude in plant size and, unlike 
R � M¾   or R � M1.0, is consistent within as 
well as across all data sets. They claim1 that the 
idea of general scaling of R in relation to N is 
problematic and misleading, which ignores 
abundant evidence of globally convergent 
mass-specific scaling relations in terms of both 
photosynthesis and respiration being propor-
tional to tissue nitrogen concentration9–11.

Our findings2 are misrepresented by Enquist 
et al.1 when they suggest that these are incom-
patible with the existence of plants over 60 g, 
because such plants will respire more carbon 
than they can acquire (although we did in fact 
present data for R in much larger plants2). Their 
simulation creates a problem that does not 
exist by using assumptions we both agree are 
incorrect, including universal R � M1.0 scaling, 
which the data do not support2, and by arbitrary 
selection of photosynthesis and respiration rates 
without regard to whether these are appropri-
ately scaled to each other or to plant nitrogen 
concentrations. Thus, the “erroneous prediction 
of an unrealistic maximum plant size”, incor-
rectly attributed to our findings2, is solely a result 

of their model assumptions1, is unsupported by 
published data and cannot be reconciled with 
data in Fig. 1a. By contrast, net photosynthetic 
rates generally scale with tissue nitrogen11 and 
are about ten times higher than respiration 
rates at any given leaf nitrogen concentration11. 
Modelling net photosynthesis for plants in ref. 2 
from these relationships11, and scaling carbon 
gain and respiratory carbon loss to the whole 
plant based on tissue nitrogen and biomass dis-
tribution, we find positive maximum 24-hour 
whole-plant net carbon gain across plants of all 
sizes (Fig. 1a). In addition, the maximum whole-
plant carbon gain is positively related to total 
plant nitrogen (Fig. 1b), indicating that a nitro-
gen-based scaling approach is consistent with 
observations on plants that maintain a positive 
carbon balance. 

A debate aimed at reconciling models that 
focus on generality in scaling relationships3,4, 
mechanistic understanding of the underly-
ing biology5,12–14, and uncertainties regarding 
statistical approaches6,14 is sorely needed to 
advance this field.
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In my News & Views article1, I argued for the 
need to include factors other than body size 
to create a truly universal theory of plant scal-
ing. I based my expectations for the metabolic 
scaling theory on Enquist’s own conclusion 
that “unlike animal clades…all plants comply 
with a single allometric formula that spans 20 
orders of magnitude in body mass”2. Because 
in this recent analysis the authors applied a ¾ 
scaling slope across plants ranging in size from 
unicellular algae (< 10–7 g body mass), to duck-
weed (10–5 to 10–2  g), to forest herbs and trees 
including giant Sequoia (10–1 to 107 g), I found 
the comparison to the data of Reich et al.3 
entirely reasonable. Nevertheless, I explicitly 
discussed my concern about whether and 
how the findings of Reich et al. could extend 
to mature trees1.

I am glad to see the more nuanced state-

ment of metabolic scaling theory by Enquist 
et al.4, which now explicitly introduces the idea 
of scale dependence in scaling slope between 
smaller and larger plants. This seems to be an 
important improvement, especially as many 
of Earth’s plant species are smaller than adult 
trees, and within the size range considered by 
Reich et al. (< 10–4 g). What is less clear, how-
ever, is whether the proposed change in slope 
is abrupt or gradual, and across what size range 
it takes place. However, this revision by Enquist 
et al. does not address the effect of nitrogen 
on plant respiration5 shown by Reich et al., an 
effect that is well documented theoretically and 
experimentally at the scale of individual leaves 
as well as of whole plants5,6. It is interesting that 
there is even recent evidence that plant hydrau-
lic architecture varies as a function of nitrogen 
supply7. Future investigations should seek to 

resolve this vexing interaction of body size, 
nutrient status and metabolic scaling slopes.
Lars O. Hedin
Department of Ecology and Evolutionary Biology, 
Princeton University, Princeton, New Jersey 
08540, USA
e-mail: lhedin@princeton.edu

1. Hedin, L. O. Nature 439, 399–400 (2006).
2. Niklas, K. J. & Enquist, B. J. Proc. Natl Acad. Sci. USA 98, 

2922–2927 (2001).
3. Reich , P. B., Tjoelker, M. G., Machado, J.-L. & Oleksyn, J. 

Nature 439, 457–461 (2006).
4. Enquist, B. J. et al. Nature 445, doi: 10.1038/nature05548 

(2007).
5. Cannell, M. G. R. & Thornley, J. H. M. Ann. Bot. 85, 45–54 

(2000).
6. Ryan, M. G., Hubbard, R. M., Pongracic, S., Raison, R. J. & 

McMurtrie,  R. E. Tree Physiol. 16, 333–343 (1996).
7. Bucci, S. J. et al. Plant Cell Envir. 29, 2153–2167 (2006).

doi: 10.1038/nature05550

E11

NATURE|Vol 445|1 February 2007 BRIEF COMMUNICATIONS ARISING



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice




