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The importance of trait selection in ecology
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arising from C. P. Carmona et al. Nature https://doi.org/10.1038/s41586-021-03871-y (2021)

Two recent publications1,2 have explored the importance of roots for 
understanding plant form and function, but reached opposite conclu-
sions on the basis of largely overlapping data. Carmona et al.1 concluded 
that their results “do not confirm the strong covariation between leaf 
and fine-root traits predicted by the plant economics spectrum hypoth-
esis”. By contrast, Weigelt et al.2 concluded that “key leaf and fine-root 
traits were aligned along the expected [fast–slow] ‘conservation’ gradi-
ent of plant economic investment”. Here we reflect on the causes for 
the apparent discrepancies of these studies and show that the rationale 
behind trait selection is vital for the conclusions.

In his ‘traits manifesto’, Reich3 hypothesized that strong selection 
along trait trade-offs must result in convergence for any taxon on a 
uniformly fast, medium or slow strategy for all organs (leaves, stems 
and roots) and all resources (carbon, nitrogen and water). This pro-
posed alignment of multiple organ strategies also seems inevitable 
for stoichiometric reasons: fast carbon fixation in leaves without high 
nitrogen uptake rates in roots would result in low plant nitrogen con-
centration which would reduce carbon fixation per unit leaf mass4. 
However, Carmona et al. conclude from their results that aboveground 
and root trait planes are decoupled1. Like Carmona et al., Weigelt et al. 
found a unique trait axis with root diameter and specific root length 
distinct from aboveground traits. However, Weigelt et al. also found 
consistent alignment of leaf and root nitrogen content, as well as leaf 
mass per area and root tissue density2.

Indeed, in Fig. 1 in Carmona et al., it seems as if “four dimensions 
[are] needed to explain the non-redundant information in the dataset 
[which] can be summarized in an aboveground and a fine-root plane”1. 
However, their correlation coefficient of leaf nitrogen to root nitrogen 
content (301 species, Extended Data Fig. 1 in ref. 1) is strongly positive 
with r = 0.37. This value (and most other pairwise correlation coeffi-
cients in ref. 1) are similar to those in Weigelt et al. (that is, r = 0.38 for 
leaf versus root nitrogen, 1,394 species (fig. S2 in ref. 2)). In addition, 
the positive correlation between leaf and root nitrogen is supported by 
a wealth of published studies (fig. 2 in ref. 2 and fig. 2 in ref. 5). Although 
the principal components analysis (PCA) plots of the two studies appear 
different, the underlying correlation coefficients are not, suggesting 
that the claim by Carmona et al. that aboveground and fine-root trait 

spaces are decoupled is to some extent unsupported. Here we expand 
on our thoughts regarding two potential causes for these apparent 
differences—trait selection and varimax rotation.

Carmona et al. draw conclusions on a comparison among above-
ground and belowground traits, on the basis of six aboveground traits 
spanning a wide spectrum of plant form and function6 and four fine-root 
traits linked to resource acquisition–conservation functions7. Notably, 
Carmona et al. included aboveground traits that are not directly related 
to resource acquisition, including stem specific density, plant height and 
seed mass1. In turn, Weigelt et al. used a stepwise approach (fig. 1 in ref. 2)  
to first compare traits that are proposed to be functionally relevant, and 
then increased complexity with additional traits not directly related 
to resource acquisition. This means that Weigelt et al. first compared 
functionally analogous leaf and root traits exclusively related to resource 
investment (leaf and root nitrogen, leaf mass per area, root tissue den-
sity, specific root length and root diameter (fig. 3 in ref. 2)), and found 
significant correlations. Weigelt et al. subsequently included size-related 
traits (plant height and rooting depth), which yielded two additional trait 
gradients loading independently on principal component axes 3 and 4.

To substantiate the importance of trait selection, we reanalysed 
the 301 species used by Carmona et al. with these six traits, equally 
representing aboveground and belowground aspects of plant form and 
function (Fig. 1a). By selecting the same traits in a PCA, we observed a 
correlation between the leaf and root trait spaces, similar to Weigelt 
et al. Stepwise inclusion of size-related traits (Fig. 1b) and seed mass 
(Fig. 1c) then changed the interpretation of the study results. Our  
reanalysis shows that the rationale leading to the trait selection is a 
critical factor in such studies. The apparent discrepancies in conclu-
sions between the two studies seem to be triggered primarily by the 
presence or absence of seed mass, a reproductive trait spanning a large 
range of variation that might mask the more subtle changes in acquisi-
tive traits. Our stepwise analysis (Fig. 1a–c) reconfirms that results of 
multivariate analyses depend on the type and number of traits included. 
We argue that trait selection requires careful ecological consideration 
and should be based on knowledge of trait functionality.

A related point of concern is the claim by Carmona et al. that trait vari-
ation is greater aboveground than belowground, as they find “greater 

https://doi.org/10.1038/s41586-023-06148-8

Received: 2 December 2021

Accepted: 28 April 2023

Published online: 28 June 2023

 Check for updates

1Systematic Botany and Functional Biodiversity, Institute of Biology, Leipzig University, Leipzig, Germany. 2German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Leipzig, 
Germany. 3Plant Ecology and Nature Conservation Group, Department of Environmental Sciences, Wageningen University, Wageningen, the Netherlands. 4Oak Ridge National Laboratory, 
Climate Change Science Institute and Environmental Sciences Division, Oak Ridge, TN, USA. 5Sustainable Grassland Systems, Leibniz Centre for Agricultural Landscape Research (ZALF), 
Paulinenaue, Germany. 6Institute of Biology/Geobotany and Botanical Garden, Martin Luther University Halle-Wittenberg, Halle, Germany. 7Theoretical and Experimental Ecology Station (SETE), 
National Center for Scientific Research (CNRS), Moulis, France. 8Biodiversity, Macroecology and Biogeography, Faculty of Forest Sciences and Forest Ecology, University of Goettingen, Göttingen, 
Germany. 9Functional Biogeography, Max Planck Institute for Biogeochemistry, Jena, Germany. 10Soil Biology Group, Department of Environmental Sciences, Wageningen University, Wageningen, 
the Netherlands. 11Department of Botany, University of Wyoming, Laramie, WY, USA. 12Functional Forest Ecology, Department of Biology, University of Hamburg, Barsbüttel-Willinghusen, Germany. 
13Plant Sciences (IBG-2), Forschungszentrum Jülich, Jülich, Germany. 14Department of Biological Sciences, Macquarie University, North Ryde, New South Wales, Australia. 15CEFE, Université  
de Montpellier, CNRS, EPHE, IRD, Montpellier, France. 16Department of Biological, Geological and Environmental Sciences, Alma Mater Studiorum–University of Bologna, Bologna, Italy. 
17Department of Earth and Environmental Sciences, The University of Manchester, Manchester, UK. 18Institute of Ecology and Earth Sciences, University of Tartu, Tartu, Estonia. 19Jealott’s Hill 
International Research Centre, Syngenta, Bracknell, UK. 20Institute of Environment, Department of Biological Sciences, Florida International University, Miami, FL, USA. 21Oak Ridge National 
Laboratory, Center for Bioenergy Innovation and Biosciences Division, Oak Ridge, TN, USA. 22The Root Lab, Center for Tree Science, The Morton Arboretum, Lisle, IL, USA. 23These authors 
contributed equally: Alexandra Weigelt, Liesje Mommer. ✉e-mail: alexandra.weigelt@uni-leipzig.de

https://doi.org/10.1038/s41586-021-03871-y
https://doi.org/10.1038/s41586-023-06148-8
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06148-8&domain=pdf
mailto:alexandra.weigelt@uni-leipzig.de


E30 | Nature | Vol 618 | 29 June 2023

Matters arising

differentiation in aboveground trait syndromes than in fine roots [...]”1. 
We expect that this outcome is again related primarily to their above-
ground trait selection, which encompasses a wider trait gradient for 
potential variation than the selected belowground traits. Carmona et al. 
acknowledge this in the article, but the overall conclusion still hints 
at a systematic difference in trait variation aboveground compared 
with belowground. Here we caution against such a generalization on 
the basis of statistical inference rather than biological understanding.

A second cause for the differences in PCAs could be that Carmona 
et al. use a varimax rotation of the PCA axes, whereas Weigelt et al. 
do not. Theoretically, this rotation should not change the outcome 
of the analysis, but should improve the interpretability as individual 
traits are better aligned with the main axes8. However, PCA axes after 
varimax rotation may not perfectly reflect the position of the original 
variables. As a result, although rotated PCA axes remain orthogonal, the 
representation of underlying variables may not9. This seems to be the 
case in Carmona et al., where the high correlation of leaf nitrogen and 
root nitrogen with the axis representing the leaf economics spectrum 
(PCA2; loadings 0.44 and 0.31 for leaf and root nitrogen, respectively) 
disappears for root nitrogen after varimax rotation (loadings 0.59 and 
0.08 for leaf and root nitrogen, respectively (Extended Data Table 2 in 
ref. 1)). Similarly, there are clear differences in primary trait association 
with the second and third axes between the rotated and unrotated 
analysis for 301 species. Notably, the full decoupling between root 
and leaf traits is visible only in the rotated form. However, we note that  
root traits linked to the conservation gradient10 (root tissue density and 
root nitrogen) also load to other principal component axes, irrespective 
of axis rotation1,2, indicating flexibility in the biological coordination 
of these traits.

Despite our concerns regarding some of the conclusions of Carmona 
et al., we admire the extent and depth of data and analyses provided. As 
plant ecologists, we all wish to improve our understanding and quan-
tification of plant trait variation, and particularly belowground plant 
traits, which have lagged behind their showier aboveground coun-
terparts11–13. Progress will be built on critical and open conversations 
on the role of both known and unknown functions of aboveground 
and belowground plant traits. A better functional understanding of 
traits above and belowground will improve our understanding of the 
role of plant traits in shaping the responses of plant communities and 
ecosystems in a rapidly changing world.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 

acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-023-06148-8.

Reporting summary
Further information on experimental design is available in the Nature 
Portfolio Reporting Summary linked to this Article.

Data availability
The data to reproduce Fig. 1 and Supplementary Table 1 are available 
according to the statement in Carmona et al.1 in the Figshare repository: 
https://doi.org/10.6084/m9.figshare.13140146.
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Fig. 1 | PCA of the 301 species analysed in Carmona et al.1 using differing 
trait subsets and no varimax rotation. a, Traits strictly related to resource 
acquisition aboveground (leaf nitrogen content (ln), leaf area (la) and specific 
leaf area (sla)) and belowground (root nitrogen content (N), root tissue  
density (RTD), root diameter (D) and specific root length (SRL)) show strong 

aboveground–belowground correlation, as in Weigelt et al.2. b, Addition of 
stem traits (plant height (ph) and stem specific density (ssd)). c, Inclusion of 
seed mass (sm), without strong aboveground and belowground correlation as 
in ref. 1. Details are shown in Supplementary Table 1.
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Reply to: The importance of trait selection in 
ecology

C. Guillermo Bueno1,2,8 ✉, Aurele Toussaint1, Sabrina Träger3,4, Sandra Díaz5,6, Mari Moora1, 
Alison D. Munson7, Meelis Pärtel1, Martin Zobel1, Riin Tamme1 & Carlos P. Carmona1,8 ✉

replying to A. Weigelt et al. Nature https://doi.org/10.1038/s41586-023-06148-8 (2023)

In the accompanying Comment1, Weigelt et al. (2023) claim that the 
different conclusions of two studies—Weigelt et al. (2021)2 and Carmona  
et al. (2021)3—presenting global integrations of aboveground and 
belowground plant traits are due to methodological issues in Carmona 
et al. Specifically, ref. 2 concluded that leaf and fine-root traits are coor-
dinated, whereas ref. 3 reported weak covariation between these traits. 
In their Comment, Weigelt et al. attribute these divergent conclusions 
to the selection of traits and the use of varimax rotation in ref. 3. Here 
we estimate angles between pairs of traits in different functional spaces 
to show that these objections are not supported by the data.

The two studies analysed the same data using principal components 
analysis (PCA) to determine the necessary dimensions for explaining 
non-redundant plant trait information. Although we appreciate the 
points raised in the Comment, we found inconsistencies in the argu-
ments and analyses. For example, consider the relationship between 
leaf nitrogen content (ln) and root nitrogen content (N). Weigelt et al. 
view these traits as having “a strong positive correlation coefficient” 
(r = 0.37), supporting Reich’s plant economics spectrum hypothesis4, 
which predicts coordination between ln and N. Although the arguments 
behind the hypothesis are strong, empirical support for it is mixed5–11, 
which prompted us to test it against the most comprehensive trait  
dataset3. If two traits are highly coordinated, knowing the value of one 
we could precisely estimate the value of the other. However, the com-
mon amount of variation in ln and N is low (r2 = 0.137), so we maintain 
our original conclusion of no strong coordination between these traits3.

Characterizing the coordination between pairs of traits after select-
ing relevant principal components is more complex than analysing 
individual correlations, because all dimensions should be consid-
ered simultaneously. To better understand relationships between 
traits, we propose to consider the angle they form in the appropriate 
dimensionality of the space: highly coordinated traits should form a 
low angle, whereas independent traits should be nearly orthogonal 
(Fig. 1a and Supplementary information). We address the specific argu-
ments in the Comment using this approach.

Weigelt et al.1 consider that the space in Carmona et al.3 is inadequate 
for testing a single acquisition–conservation gradient across leaves and 
roots, arguing that seed mass is not related to resource acquisition. We 
included seed mass along with five other aboveground traits because 
our primary aim was to reveal patterns at the level of whole-plant form 
and function, rather than comparing fully analogous organs of resource 
acquisition3 (an important plant function, but not the only one). In the 
Comment, Weigelt et al. claim that the inclusion of seed mass distorts 
the estimated relationships between other traits. They base this claim 

on a stepwise PCA analysis in which traits are included sequentially. 
Although the stepwise analysis seems reasonable, Weigelt et al. do 
not consider the appropriate dimensionalities when interpreting  
differences between consecutive PCAs (compare their Fig. 1 with their 
Supplementary Table 1 (ref. 1)). Instead, they interpret projections of 
three- and four-dimensional vectors in two-dimensional planes, reach-
ing distorted interpretations of trait relationships. In Fig. 1b, we show 
how the relationship between ln and N can look very different when 
considering two dimensions versus three dimensions. Indeed, when 
all significant dimensions are considered in the sequential PCAs1, the 
angles between traits strictly related to resource acquisition are essen-
tially the same, regardless of whether size-related traits are considered 
or not (Fig. 2a). Therefore, the selection of traits in Carmona et al. did 
not alter ecological inference.

The Comment also question the finding of greater differentiation in 
aboveground traits than fine-root traits, without providing any support-
ing analysis. We stand by our conclusion from Carmona et al.3, which 
is supported by our analyses here. The mere order of PCA axes in Fig. 1 
in Carmona et al.3 indicates that variation aboveground (axes 1 and 2) is 
larger than for fine-root traits (axes 3 and 4). Moreover, differentiation 
between families and biomes is higher for the traits and the component 
of space related to plant size (C1), followed by the component reflect-
ing the leaf economics spectrum (C2) (Extended Data Fig. 1). Of note, 
fine-root traits and related components (C3 and C4) are those for which 
differentiation was smallest, even when individual traits were analysed.

In Carmona et al., we performed a PCA based on ten key aboveground 
and fine-root traits, finding four fundamental dimensions of variation. 
This PCA was followed by a varimax rotation of the four-dimensional 
space (original space) to enhance its interpretability (rotated space). 
Weigelt et al. argue1 that the varimax rotation of the principal com-
ponents distorts the relationship between traits. However, although 
the rotation results in different loadings between the original and 
rotated spaces, it should not change the relationship among traits (on 
which ecological inference should be based). By comparing the angles 
between traits in both the original and rotated spaces (Supplementary 
Information), we demonstrate that the relationships between traits 
are completely unaffected by the rotation (Fig. 2b). Therefore, rather 
than distorting inference, the use of varimax rotation helped Carmona 
et al. to identify the space configuration in which intrinsic differences 
between traits are most apparent, aiding their correct interpretation 
and ecological inference.

Weigelt et al. (2023) claim that despite using the same data, the results 
of refs. 2,3 are fundamentally different. Here we have used data from the 

https://doi.org/10.1038/s41586-023-06149-7

Published online: 28 June 2023

 Check for updates

1Institute of Ecology and Earth Sciences, University of Tartu, Tartu, Estonia. 2Instituto Pirenaico de Ecología (IPE-CSIC), Jaca, Huesca, Spain. 3Institute of Biology/Geobotany and Botanical 
Garden, Martin Luther University Halle-Wittenberg, Halle (Saale), Germany. 4German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Leipzig, Germany. 5Consejo Nacional 
de Investigaciones Científicas y Técnicas, Instituto Multidisciplinario de Biología Vegetal (IMBIV), CONICET, Universidad Nacional de Córdoba, Córdoba, Argentina. 6Facultad de Ciencias 
Exactas, Físicas y Naturales, Universidad Nacional de Córdoba, Córdoba, Argentina. 7Centre for Forest Research, Département des Sciences du Bois et de la Forêt, Université Laval, Quebec, 
Quebec, Canada. 8These authors contributed equally: C. Guillermo Bueno, Carlos P. Carmona. ✉e-mail: gbueno@ipe.csic.es; perezcarmonacarlos@gmail.com

https://doi.org/10.1038/s41586-023-06148-8
https://doi.org/10.1038/s41586-023-06149-7
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-023-06149-7&domain=pdf
mailto:gbueno@ipe.csic.es
mailto:perezcarmonacarlos@gmail.com


E32 | Nature | Vol 618 | 29 June 2023

Matters arising

phylogenetically informed PCA reported in Table S4 of ref. 2 to estimate 
the angles between all pairs of traits reported in the two studies and 
compared them. The results are remarkably similar in this analysis (the 
correlation between angles from both studies is 0.97; Fig. 2c), which 
means that the main difference between them lies in how the functional 
spaces are interpreted. In the Comment, projections for the first two 
components are used to explore a space of three dimensions, leading 
to the conclusion that some aboveground and fine-root traits—such 

as ln and N or specific leaf area and root tissue density—were aligned1. 
However, when the appropriate dimensionalities are considered, 
ln and N are not strongly aligned (Fig. 1b) in either of the studies2,3, 
whereas specific leaf area and root tissue density are close to orthogonal  
(95 degrees; Fig. 2c).

A comprehensive understanding of the relationship among plant 
traits can only be achieved by considering all relevant dimensions. For 
this, examining the angles between traits is less prone to errors than 
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(that is, without dimensionality reduction; θfull = 68.3°). (2) In the Comment1, 
the data are fit to three PCAs, starting with only leaf and fine-root traits (Wa), 
and adding sequentially stem traits (Wb) and seed mass (Wc). The angle between 
ln and N is similar in these three spaces when all significant dimensions (those 

with eigenvalues greater than 1) are considered (θWa, θWb, θWc), indicating that 
trait selection did not alter ecological inference. (3) When interpreting the 
relationship between traits, Weigelt et al. consider only projections of the traits 
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directly interpreting their loadings in PCA components; we recommend 
this approach to ecologists analysing multivariate trait spaces. The vari-
max rotation, rather than changing the characteristics of this space, can 
help to identify the perspective from which the genuine relationships 
among traits are most evident. On the basis of the available information, 
our results and reassessment of the results reported in Weigelt et al.2 
do not support the existence of a fast–slow conservation gradient at 
a global scale in which leaf and fine-root traits are aligned. Instead, 
we confirm that the aboveground and fine-root traits considered are 
not strongly correlated at a global scale, but rather organized in four 
main dimensions of functional variation reflecting differences in size, 
leaf economics, symbiosis and root tissue economics. Finally, we note 
that although we disagree on trait selection and data processing, the 
comprehensive analyses by Weigelt et al. undoubtedly advance plant 
trait research.
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Matters arising

Extended Data Fig.1 | Larger differentiation in aboveground than fine-root 
traits. Proportion of variance explained in PERMANOVA analyses by differences 
among groups of species (families and biomes, see Carmona et al.3 for details), 
considering the whole functional space (Total), the aboveground and fine-root 
planes, individual components of the functional space and individual traits. 
This way, fine-root axes (C3 and C4) and traits (SRL, D, N and RTD), and leaf 
economics spectrum axis (C2) and traits (ln, la, sla) can be compared after 
removing the dominant effect of size (C1) and size-related traits (ph, sm, ssd)  

on differences between groups of species. High values of explained variance 
mean that differences between the members of one group (e.g. differences 
between families) account for a large proportion of the total variance (in the 
total space, a specific plane, a specific component or a specific trait).  
a, Differences between families in the functional space considering different 
scales: four-dimensional space (total), aboveground plane (in green) and 
fine-roots plane (in red), the individual components of the trait space (C1 to C4), 
and the individual traits. b, Differences between biomes.
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