
Doubtful pathways to cold tolerance in plants
ARISING FROM A. E. Zanne et al. Nature 506, 89–92 (2014); doi:10.1038/nature12872

Zanne et al.1,2 addressed an important evolutionary question: how
did flowering plants repeatedly enter cold climates? Herbaceous
growth, deciduous leaves, and narrow water-conducting cells are
adaptations to freezing. Using phylogenetic analyses, they concluded
that herbs and narrow conduits evolved first in the tropics (‘‘trait
first’’), facilitating movement into freezing areas, but that deciduous
leaves evolved in response to freezing temperatures (‘‘climate first’’).
Unfortunately, after correcting for an error that we uncovered3, the
‘‘striking findings’’ of Zanne et al.

1

seem inconclusive; here we high-
light methodological issues of more general interest and question the
value of their approach. There is a Reply to this Brief Communication
Arising by Zanne, A. E. et al. Nature 521, http://dx.doi.org/10.1038/
nature14394 (2015).

Zanne et al.1 chose methods that required transforming quantitat-
ive variables into binary characters; not surprisingly, we found that
their results are highly sensitive to how characters are scored. This is
not inherently problematic, but the delineations must be well justified.
While we have concerns with each of their thresholds, the climate
character underlying their analyses merits special scrutiny. Of the
species Zanne et al.1 studied, 50% were represented by collections
from both freezing and non-freezing areas; these were scored as
‘‘freezing-exposed’’ if 2.5% of the collections experienced a minimum

temperature of 0 uC. This cut-off used the tail end of species distribu-
tions to delineate character states, where we expect considerable error
in the data4,5, especially for the many poorly collected species in their
sample. Using more stringent data cleansing and/or alternative
thresholds for ‘‘freezing-exposed’’, we obtained a wide range of
results (Fig. 1a). For instance, when we required half of the collection
sites to experience freezing, the leaf phenology result shifted from
36.7% to 72.5% trait first. Depending on how climate data were
handled, results for plant habit varied from 25.3% to 95.5% trait first
(see https://github.com/ejedwards/reanalysis_zanne2014) and, con-
trary to Zanne et al.1, we sometimes found that growth form was twice
as evolutionarily labile as climate occupancy.

But our concerns run deeper. Their evolutionary trajectories were
inferred using a newly developed method whose behaviour is unex-
plored. In simulations we discovered that their method strongly infers
a preferred trajectory even when none is present (see https://github.
com/ejedwards/reanalysis_zanne2014). When the simulated data
contained an equal number of climate-first and trait-first transitions,
their method inferred a strong climate-first or trait-first trajectory
77% of the time (Fig. 1b). Thus, the preferred trajectories of Zanne
et al.1 could have nothing to do with what actually happened during
angiosperm evolution, and no attempt was made to connect their
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Figure 1 | Unreported uncertainty and potential error. Based on the
analyses by Zanne et al.1. a, Sensitivity of the Zanne et al.1 results to alternative
treatments of the climate data. For each of the three traits, the Zanne et al.1

result is marked by a cross (48.7% ‘‘climate first’’ for deciduousness; 82.7% and
58.0% ‘‘trait first’’ for conduit size and growth form, respectively). Our re-
analysis of conduit size using the correct diameter variable shifts their inference
to 53.5% trait first (marked with an asterisk), moving their only strong result
into a region of questionable significance (the ‘‘grey zone’’), along with their
other two pathways. For each trait we obtained a wide range of outcomes,
including apparently decisive support for climate first or trait first, by simple
modifications of the climate variable (see Methods). This figure includes only
our implementation of different freezing thresholds; for the effect of alternative

data cleansing see https://github.com/ejedwards/reanalysis_zanne2014.
b, Error rates using the Zanne et al.1 transition-rates method. We simulated
character evolution with a strongly biased pathway (3 times more ‘‘trait-first’’
transitions) and with no preferred pathway (equal number of ‘‘trait-first’’ and
‘‘climate-first’’ transitions) to examine the behaviour of their method. When
there was a strong underlying trajectory in the data, their method could usually
detect it. However, when there was no dominant trajectory, their method
performed poorly, incorrectly inferring a strongly preferred pathway 77% of the
time. Zanne et al.1 described deciduous leaves as being ‘‘far more likely’’ to have
evolved climate first (49% vs 37%); on this basis we considered one pathway
‘‘far more likely’’ than another if the difference was 12% or more.
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trajectories to inferred character changes in the phylogeny. Conse-
quently, it is unclear, even roughly, how many tropical-to-temperate
transitions were sampled, or how their trajectories relate to the direc-
tionality of change. In the case of their erroneously binned conduits,
for example, the few taxa they scored as having the supposed ancestral
condition were instead recently derived within the tree.

Finally, we disagree with Zanne et al.3’s claim that their results are
‘‘qualitatively the same’’ after correcting for their error. 54% and 83%
seem like very different answers, and all of their preferred pathways
now hover around a grey zone where their probability is hardly
greater than the alternatives (Fig. 1a). In the end, we struggle even
to understand the meaning of a number like 54%. It should not be
taken to mean that 54% of transitions were trait first when, as we have
demonstrated, their method cannot accurately infer the true evolu-
tionary history. Nor should we interpret their result as if every species
had a 54% chance of a trait-first transition, when their own sub-
analyses of growth form showed that these probabilities vary widely
by clade. We urge greater caution in conducting and interpreting
phylogenetic analyses at this scale, and believe that it will be more
productive to focus instead on concrete, carefully developed case
studies that incorporate more of the relevant variables6.

Methods
We employed seven different thresholds to define a species as ‘‘freezing exposed’’,
using various percentiles of localities experiencing 0 6C. We excluded duplicate
records, enforced minimum sample sizes (n 5 3, n 5 10), performed alternative
data grooming procedures, and re-ran the original analyses across all data sets.
We also simulated character histories with differing degrees of bias towards
particular pathways. We scored the relative frequency of the trait-first pathway

from each simulation, and compared it to the trait-first probability inferred using
their method. Annotated scripts and analyses are publicly archived in https://
github.com/ejedwards/reanalysis_zanne2014.
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REPLYING TO E. J. Edwards, J. M. de Vos & M. J. Donoghue Nature 521, http://dx.doi.org/10.1038/nature14393 (2015)

Our goal was to understand which traits facilitated angiosperm shifts
into freezing climates. Building on previous work1–5, we showed strong
support for evolutionary shifts in herbaceous habit, deciduous leaf
phenology and small water-conducting conduits with the transition
to exposure to freezing for the first time at this scale. We then decoupled
the order of these shifts (traits-first versus climate-first pathways) based
on a new summary of a long-standing method6 with no a priori expec-
tations. Because current data sets are small compared to estimates of
angiosperm diversity, our pathways analyses are preliminary. By estab-
lishing testable hypotheses and making our considerable resources
public, future studies can build upon our questions. We found their
suggestion in ref. 7 that we looked for reifying patterns in nature sur-
prising. In the accompanying Comment8, Edwards et al.8 reanalysed
data from Zanne et al.9, including removing data points and using new
thresholds (below). After correcting an error in conduit size threshold10,
we still found that ‘‘trait first’’ was the most likely pathway, albeit with
less strength. Otherwise, we stand by the validity of our approaches.

Ancestral state estimates are notoriously unreliable11. Rather than
using estimates at hundreds or thousands of nodes, we used the pre-
sumably more reliable, inferred 8–12 transition rates to examine likely
pathways. If the rate of going from state A to B is three times the rate of
going from A to C for 100 species starting in state A, we expect 75 to go
to B first and 25 to go to C first. This expectation follows directly from
a summary of the rates. Calculations are more complex for four states,
but result in the same information: converting rates to expected paths.
Edwards et al.8 performed simulations that showed this summary was

not biased, but that known paths may deviate, at times substantially,
from this expectation, especially if rates are similar.

We agree that various thresholds are potentially suitable8. We dis-
agree that radically changing thresholds should reveal the same result;
Edwards et al. varied cut-offs from requiring 0% to 100% of a species
range experiencing freezing (see figure 1 in ref. 8) for that species to be
freezing exposed. A priori, we targeted .2.5% of a species range.
Edwards et al.8 targeted .50% of a species range. Both are valid
and selection should be guided by the biology of the system. Under
our definition, if a species experienced freezing somewhere, it had the
potential to handle freezing (a species-specific trait, not unlike our leaf
and stem traits). Owing to the limitations of GBIF coverage, we believe
it was better to define species as experiencing freezing (with .2.5%
allowing for outliers) rather than to expect a set amount of a species
range to be in freezing.

We agree that narrowly defined case studies provide detailed
insights into a given lineage8. Equally important, large-scale analyses
afford synthesis, examining broad evolutionary hypotheses missed by
narrow studies. These approaches are certainly complementary, each
with strengths and weaknesses, and it is critical that studies continue
to be conducted across multiple scales.
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Frank Hemmings6, Michelle R. Leishman9, Jacek Oleksyn12,22,
Pamela S. Soltis16,17, Nathan G. Swenson23, Laura Warman6,24 &
Jeremy M. Beaulieu25

1Department of Biological Sciences, George Washington University,
Washington DC 20052, USA.
2Center for Conservation and Sustainable Development, Missouri
Botanical Garden, St Louis, Missouri 63121, USA.
email: aezanne@gmail.com
3Department of Biological Sciences, University of Idaho, Moscow, Idaho
83844, USA.
4Institute forBioinformaticsandEvolutionaryStudies,University of Idaho,
Moscow, Idaho 83844, USA.
5Department of Ecological Sciences, Systems Ecology, de Boelelaan
1085, 1081 HV Amsterdam, The Netherlands.
6Evolution & Ecology Research Centre, School of Biological, Earth and
Environmental Sciences, University of New South Wales, Sydney, New
South Wales 2052, Australia.
7Departmentof Ecology andEvolutionary Biology, University of Michigan,
Ann Arbor, Michigan 48109, USA.
8Department of Zoology and Biodiversity Research Centre, University of
British Columbia, Vancouver, British Columbia V6T1Z4, Canada.
9Department of Biological Sciences, Macquarie University, Sydney, New
South Wales 2109, Australia.
10Department of Biology, College of Charleston, Charleston, South
Carolina 29424, USA.
11Department of Ecology and Evolutionary Biology, University of
Tennessee, Knoxville, Tennessee 37996, USA.
12Department of Forest Resources, University of Minnesota, St Paul,
Minnesota 55108, USA.
13Hawkesbury Institute for the Environment, University of Western
Sydney, Penrith, New South Wales 2751, Australia.
14Departmentof EarthandEnvironmental Sciences,WesleyanUniversity,
Middletown, Connecticut 06459, USA.
15Department of Biology, Universityof Florida, Gainesville, Florida 32611,
USA.
16Florida Museum of Natural History, University of Florida, Gainesville,
Florida 32611, USA.

17Genetics Institute, University of Florida,Gainesville, Florida 32611, USA.
18Department of Biology, University of Missouri—St Louis, St Louis,
Missouri 63121, USA.
19Department of Biology, Queen’s University, Kingston, Ontario K7L 3N6,
Canada.
20Department of Biology, College of the Holy Cross, Worcester,
Massachusetts 01610, USA.
21Royal Botanic Gardens, Kew, Richmond TW9 3AB, UK.
22Polish Academy of Sciences, Institute of Dendrology, 62-035 Kornik,
Poland.
23Department of Plant Biology and Ecology, Evolutionary Biology and
Behavior, Program, Michigan State University, East Lansing, Michigan
48824, USA.
24Institute of Pacific Islands Forestry, USDA Forest Service, Hilo, Hawaii
96720, USA.
25National Institute for Mathematical & Biological Synthesis, University of
Tennessee, Knoxville, Tennessee 37996, USA.

1. Sinnott, E. W. & Bailey, I. W. The evolution of herbaceous plants and its bearing on
certain problems of geology and climatology. J. Geol. 23, 289–306 (1915).

2. Judd, W.S., Sanders, R.W. & Donoghue, M. J. Angiosperm family pairs: preliminary
phylogenetic analysis. Harv. Pap. Bot. 1, 5 (1994).

3. Moles, A. T. et al. Global patterns in plant height. J. Ecol. 97, 923–932 (2009).
4. Wheeler, E. A., Baas, P. & Rodgers, S. Variations in dicot wood anatomy: a global

analysis based on the InsideWood database. IAWA J. 28, 229–258 (2007).
5. Botta, A., Viovy, N., Ciais, P., Friedlingstein, P. & Monfray, P. A global prognostic

scheme of leaf onset using satellite data. Glob. Change Biol. 6, 709–725 (2000).
6. Pagel, M. Detecting correlated evolution on phylogenies: a general method for the

comparative analysis of discrete characters. Proc. R. Soc. B 255, 37–45 (1994).
7. Edwards, E., de Vos, J. & Donoghue, M. The mega-fication of comparative biology.

In Botany 2014, Boise, Idaho http://schenk.tulane.edu/Botany/ComPhy_files/
botany2014_edwards.pdf.

8. Edwards, E., de Vos, J. M. & Donoghue, M. Doubtful pathways to cold tolerance in
plants. Nature http://dx.doi.org/10.1038/nature14393 (2015).

9. Zanne, A. E. et al. Three keys to the radiation of angiosperms into freezing
environments. Nature 506, 89–92; corrected Nature 514, 394 (2014).

10. Zanne, A. E. et al. Corrigendum: Three keys to the radiation of angiosperms
into freezing environments. Nature http://dx.doi.org/10.1038/nature14371
(this issue).

11. Cunningham, C. W., Omland, K. E. & Oakley, T. H. Reconstructing ancestral
character states: a critical reappraisal. Trends Ecol. Evol. 13, 361–366 (1998).

doi:10.1038/nature14394

BRIEF COMMUNICATIONS ARISING

G2015 Macmillan Publishers Limited. All rights reserved

2 1 M A Y 2 0 1 5 | V O L 5 2 1 | N A T U R E | E 7

mailto:aezanne@gmail.com
http://schenk.tulane.edu/Botany/ComPhy_files/botany2014_edwards.pdf
http://schenk.tulane.edu/Botany/ComPhy_files/botany2014_edwards.pdf
http://dx.doi.org/10.1038/nature14393
http://dx.doi.org/10.1038/nature14371

	Title
	Figure 1 Unreported uncertainty and potential error.
	Methods
	References 1
	Title
	References 2


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /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
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


