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Abstract. Lack of information on ecological characteristics of species across different
continents hinders development of general world-scale quantitative vegetation dynamic
models. We constructed common scales of shade, drought, and waterlogging tolerance for 806
North American, European/West Asian, and East Asian temperate shrubs and trees
representing about 40% of the extant natural Northern Hemisphere species pool. These
scales were used to test the hypotheses that shade tolerance is negatively related to drought
and waterlogging tolerances, and that these correlations vary among continents and plant
functional types. We observed significant negative correlations among shade and drought
tolerance rankings for all data pooled, and separately for every continent and plant functional
type, except for evergreen angiosperms. Another significant trade-off was found for drought
and waterlogging tolerance for all continents, and for evergreen and deciduous angiosperms,
but not for gymnosperms. For all data pooled, for Europe and East Asia, and for evergreen
and deciduous angiosperms, shade tolerance was also negatively associated with waterlogging
tolerance. Quantile regressions revealed that the negative relationship between shade and
drought tolerance was significant for species growing in deep to moderate shade and that the
negative relationship between shade and waterlogging tolerance was significant for species
growing in moderate shade to high light, explaining why all relationships between different
tolerances were negative according to general regression analyses. Phylogenetic signal in the
tolerance to any one of the three environmental factors studied was significant but low, with
only 21-24% of cladogram nodes exhibiting significant conservatism. The inverse relationships
between different tolerances were significant in phylogenetically independent analyses both for
the overall pool of species and for two multispecies genera (Pinus and Quercus) for which
reliable molecular phylogenies were available. Only 2.6-10.3% of the species were relatively
tolerant to two environmental stresses simultaneously (tolerance value >3), and only three
species were tolerant to all three stresses, supporting the existence of functional trade-offs in
adjusting to multiple environmental limitations. These trade-offs represent a constraint for
niche differentiation, reducing the diversity of plant responses to the many combinations of

irradiance and water supply that are found in natural ecosystems.
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INTRODUCTION

Differential tolerance to environmental stress among
plants is a crucial aspect underlying geographic patterns
of vegetation and a central concept to understanding the
structure and dynamics of terrestrial ecosystems (Moo-
ney et al. 2002). Tolerance to a given stress has a
physiological basis but it is strongly affected by many
environmental factors, which has led to the distinction
between physiological and ecological tolerances. The
tolerance to a given stress is typically reduced by other
co-occurring stresses or by biotic factors such as
herbivores, pests, and competition from neighbor plants.
For example shade tolerance is reduced by mildew in
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many temperate forest species such as oaks (Rackham
2003), and by drought in woody seedlings (Battaglia et
al. 2000, Sanchez-Gomez et al. 2006b). However,
knowledge of the tolerance to the primary abiotic
stresses is still scant for many important wild plants
and tolerance to simultaneous stresses is poorly under-
stood despite the ubiquitous coexistence of multiple
stresses in nature (Hall and Harcombe 1998, Battaglia et
al. 2000, Niinemets and Valladares 2004). Due at least in
part to these knowledge gaps, few attempts have been
made to develop a general theory of succession and
dynamics for main vegetation types across the globe,
and the existing diversity of theories on vegetation
dynamics is associated with the lack of a common
intercontinental stress tolerance scale (Bugmann and
Solomon 1995, Bugmann and Cramer 1998, Peng 2000,
Glenz 2005).
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Since multiple stresses co-occur, the many combina-
tions of different severities for different stresses generate
many potential niches and provide a larger framework
for an advanced understanding of species coexistence
than species segregation according tolerance to one
single stress (Sack 2004, Sanchez-Gomez et al. 20064).
However, not all the possible combinations of environ-
mental drivers are frequent in natural conditions. In
fact, shaded sites tend to be moist, and plants from
waterlogged sites do not usually experience root zone
drought and low air humidity. We argue that even
though the frequency is not the same for all the possible
combinations of stress intensity, significant interactions
of three important and widespread stress factors for
vegetation (i.e., shade, drought, and waterlogging) do
occur in nature. For instance, drought not only occurs
under high light but also, and with potentially severe
effects, in the shade (Tschaplinski et al. 1998, Valladares
and Pearcy 2002, Hastwell and Facelli 2003, Sack et al.
2003); waterlogging occurs both under high light and in
the shade, many flooded areas include drier microsites,
and in certain areas waterlogging alternates with severe
drought (Streng et al. 1989, Hall and Harcombe 1998,
Silvertown et al. 2001, Glenz 2005). Thus, selection
could favor most if not all polytolerance strategies since
there are niches available. Consequently, the main
limitation for these polytolerance strategies would be
physiological and morphological trade-offs that prevent
species from achieving simultaneous tolerance to more
than one stress. Although some of these compromises
have been shown in certain experimental studies dealing
with a limited number of species (Sack 2004, Sanchez-
Gomez et al. 2006a), the extent and generality of these
trade-offs is poorly known despite many theoretical
considerations (Tilman 1988, Smith and Huston 1989).

General occurrence of inverse gradients of water and
light availabilities has led to suggestions that species’
shade and drought tolerances are negatively associated
(Smith and Huston 1989, Abrams 1994, Kubiske et al.
1996, Niinemets and Kull 1998, Niinemets and Valla-
dares 2004). Existence of inverse correlations between
ecological requirements of species involves the ad hoc
hypothesis that being tolerant to a certain environ-
mental factor involves a cost such that the plant cannot
adjust simultaneously to multiple environmental
stresses. In fact, shade and drought tolerance involve
conflicting requirements for biomass investment in
foliage and branches for efficient light capture vs.
biomass investment in roots for efficient water uptake,
and reductions in total foliage area and enhanced leaf
clumping to reduce evaporation (Valladares 2003,
Cescatti and Niinemets 2004). This hypothesis has been
supported by some experimental studies (e.g., Kubiske
et al. 1996, Niinemets and Kull 1998, Sanchez-Gomez et
al. 2006a, b) but not others (e.g., Coomes and Grubb
2000, Sack and Grubb 2002, Sack 2004). Conclusive
testing of this hypothesis is of paramount significance to
understanding species dispersal along natural water and
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light availability gradients. A trade-off between shade
tolerance and drought tolerance would imply a con-
straint on niche differentiation in coexisting species,
while no trade-off would indicate greater scope for niche
differentiation (Sack 2004).

Depending on site topography and soil texture,
certain habitats are significantly influenced by water-
logging, which results in low oxygen concentration in
the soil. An excess of water in the soil may paradoxically
cause water stress symptoms in plants (Lambers et al.
1998). Flooding and waterlogging can alternate with
drought and they may differentially affect open and
understory habitats. This means that the relationship
between shade and drought tolerance for a given set of
plant species can be modified by their differential
waterlogging tolerance. Overall, there are few woody
plant species that can tolerate long-term low soil oxygen
availabilities, and even these species form a sparse
canopy in heavy stress conditions (Talbot and Ether-
ington 1987, Kozlowski et al. 1991). There are many
potential conflicts in developing functional strategies to
cope simultaneously with waterlogging and other
stresses such as shade or drought. Tolerance to water-
logging can be achieved by an overall enhanced root
turnover and by the maintenance of numerous meta-
bolically costly meristematic cells in stems and roots for
adventitious root formation (Kozlowski 1997, Eissenstat
and Volder 2005), which is not compatible with survival
and growth under low light. In fact, teasing apart the
interactions between light and waterlogging in a study of
seedlings and saplings growing in river floodplains in
Texas, USA, proved complex because waterlogging
tolerance interacted with many life history traits and
stress tolerance capacities of the plants (Streng et al.
1989, Hall and Harcombe 1998). Compromises between
plant traits that augment waterlogging tolerance and
those that increase shade or drought tolerance, though,
predict a negative correlation between waterlogging and
these other stresses.

The aim of this study was to explore the tolerance to
three important stresses (shade, drought, and water-
logging) in an ample number of species sharing a general
growth form (self-supporting trees and shrubs) and
occurring over a wide geographical area (temperate zone
of the Northern Hemisphere). An extensive review of
studies, syntheses, and databases was carried out with
this aim in mind, and information on the tolerance to
these stresses of several hundreds of woody species was
compiled. This information was then critically inspected
to remove unreliable values and cross-calibrated to
generate homogeneous rankings of species’ tolerances
according to a uniform five-level scale. An initial critical
task in our study was to construct common scales of
species’ shade, drought, and waterlogging tolerance for
dominant species in European/West Asian, North
American, and East Asian temperate forest ecosystems.
Using these intercontinental shade, waterlogging, and
drought tolerance rankings, we then tested the hypoth-
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eses of an inverse correlation between species’ shade and
drought tolerance, and the modification of this correla-
tion by species’ waterlogging tolerance. These inverse
correlations would indicate that polytolerance was not
favored over evolutionary time due to functional trade-
offs that prevent maximal tolerance to more than one
stress factor. The influence of leaf habit (evergreen vs.
deciduous) on these correlations was also explored
because leaf habit has been shown to be a key element
in the adaptation of plants to cope with limiting factors
(Press 1999).

The ranking of species according to their tolerance for
these three stress factors led to the identification of
general functional groups among coexisting plant
species. A functional group is a nonphylogenetic
classification resulting in a grouping of organisms that
respond in a similar way to environmental factors (Gitay
and Noble 1994). But phylogenetic signal (i.e., the
tendency for related species to resemble each other) is
ubiquitous (Blomberg et al. 2003), and ultimately all the
species of a given community or region share a common
ancestor at some point in their phylogeny. Thus, we
argue that there is always a phylogenetic signal that can
be found in the traits of any group of species. The
phylogenetic signal is thus a continuous characteristic
and neither of the extremes (0% or 100% of phylogenetic
signal) is likely (Blomberg et al. 2003). We explored the
phylogenetic signal in our data set taking into account
that phylogeny is a source of historical information that
can be used to generalize functional relationships across
the species more efficiently (Westoby 1999).

It must be recognized that there are inherent
limitations in a study like the present one, primarily
deriving from the lack of information on many
potentially interesting species and from the heterogene-
ity across both continents and authors in approaches to
scoring stress tolerance. Another limitation is imposed
by the fact that most research on the stress tolerance of
woody plants has been focused on juveniles, and the age
of the plant can affect many functional aspects of a
given species, including its stress tolerance (Battaglia
and Reid 1993, Cavender-Bares and Bazzaz 2000). For
instance, shade tolerance has been shown to decrease
with age in certain species (Condit et al. 1999, Lusk
2004), while drought tolerance is usually larger in
saplings and adults than in seedlings (Cavender-Bares
and Bazzaz 2000, Castro et al. 2004, Mediavilla and
Escudero 2004). Even though the empirical knowledge
on the ontogenetic changes in stress tolerance is
fragmentary, there are theoretical bases to support some
of these changes (Grubb 1998). Nevertheless, these
ontogenetic effects are expected to play a marginal role
in comparative rankings of stress tolerance of large
numbers of species such as the present one, since stress
tolerance of adults is broadly correlated with that of
seedlings, as has been well-documented for the shade
tolerance of temperate trees (Ellenberg 1996, Reich et al.
2003).
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MATERIALS AND METHODS
The data set of species ecological requirements

An extensive data set of species’ shade, drought, and
waterlogging tolerance estimates was constructed to
include important trees and shrubs with different foliage
physiognomy (conifers, deciduous and evergreen broad-
leaf species) on all three continents. The entire data set
consists of 806 temperate Northern Hemisphere woody
taxa and species nomenclature follows the latest version
of the W3;TROPICOS database (Missouri Botanical
Garden 2005) along with the Flora of China Checklist
(available online).’

We tried to keep the scope of the experimental unit,
“species,” comparable for all cases. Due to infraspecific
taxa and microspecies, the initial data set included ~5%
more taxa. Several data sources provided estimates of
ecological potentials of subspecies or species varieties
(Ellenberg 1991). The estimates of ecological potentials
for species varieties and subspecies were in most cases
averaged. Infraspecific taxa were used only for species
populations widely separated geographically that also
exhibited significant differentiation in ecological poten-
tials (Alnus incana and A. viridis from Europe vs. A.
incana ssp. rugosa, A. incana ssp. tenuifolia, and A.
viridis ssp. sinuata from North America; Betula pubes-
cens from the northern and central part of Europe vs. B.
pubsecens ssp. carpatica from the southeastern part of
Europe), and for the two Pinus contorta subspecies
contorta and latifolia that have different site preference
and important divergence in crown form, and foliage
and cone morphology (Burns and Honkala 1990).

Due to apomixis and/or hybridization and polyploid-
ization, the taxonomy and genetic origin of several
woody species genera such as Acer, Crataegus, Rosa,
Rubus, Sorbus, and Ulmus is complex and species
definition differs among authors (Richens 1980, Tim-
mermann 1992, Armstrong and Sell 1996, Carrion
Vilches et al. 2000, King and Ferris 2002, Whitley et
al. 2003, Collada et al. 2004, Robertson et al. 2004). A
number of studies reported estimates of ecological
potentials of endemic polyploid hybrid species or
microspecies (e.g., Hill et al. [1999] reports ecological
potentials for 14 endemic British Sorbus species), while
other data sources reported estimates for corresponding
aggregated species. Given that microspecies have limited
range of dispersal (Pilgrim et al. 2004), and there is often
a continuum in traits among hybrid species due to
multiple hybridization events (King and Ferris 2002,
Whitley et al. 2003, Robertson et al. 2004), microspecies
were grouped together as corresponding aggregate
species or species hybrids on the basis of recent genetic
studies (Armstrong and Sell 1996, Whitley et al. 2003,
Robertson et al. 2004). The values of the ecological
potentials of grouped microspecies were averaged.

3 (http://mobot.mobot.org/W3T/Search/foc.html)
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Fic. 1. (A) Relationships between the shade tolerance scoring developed for temperate species in North America and the

species light requirement developed in Europe (Ellenberg’s light indicator value; Ellenberg 1991), and (B) relationships between the
North American shade tolerance ranking and the species scoring developed in East Asia. Data points in (A) correspond to native,
naturalized, or widely occurring species in both North America and Europe. In (B), the shade tolerance estimates derived for
introduced East Asian species in North America and Europe are regressed against the shade tolerance estimates determined for the
same species growing in the native habitats in East Asia. The dashed line in (B) denotes the 1:1 relationship. The correlation in (A)
was employed to convert the shade tolerance estimates of North American and European species to a common scale, while the
regression in (B) was employed to calibrate the East Asian species rankings.

Out of the 806 species in the final data set, 566 were
winter deciduous and 240 were evergreen. The data set
included 118 gymnosperms of which 11 species and
interspecific hybrids from the genera Gingko, Larix,
Metasequoia, and Taxodium are winter deciduous. In
terms of origins, 364 species were native to North
America, 262 to Europe/West Asia, and 211 to East Asia
(Appendix A). The data set included five interspecific
hybrids between North American and European species:
Aesculus X carnea (A. hippocastanum X A. pavia),
Crataegus X lavallei (C. stipulacea X C. crus-galli),
Laburnum X watereri (L. alpinum X L. anagyroides),
Platanus X acerifolia (P. orientalis X P. occidentalis), and
Populus X canadensis (P. nigra X P. deltoides). The data
set also included an interspecific hybrid Larix X eurolepis
(L. decidua X L. kaempferi) of European/East Asian
origin. In addition to these intercontinental hybrids, 25
species were native to both North America and Europe
(Appendix A). Overall, the data set covers ~40% of
extant native Northern Hemisphere woody vegetation
(~73% of North American, 69% of European/West
Asian, and 23% of East Asian woody species; Qian and
Ricklefs 1999, 2000, Ricklefs et al. 2004).

Construction of uniform tolerance rankings
for Northern Hemisphere

Shade, drought, and waterlogging tolerance rankings
of species were first developed separately for every
continent using an extensive selection of published
tolerance rankings, and cross-calibrating every tolerance
ranking using species present in several tolerance
rankings. The continent-specific rankings were further
converted to word-scale shade, drought, and water-
logging rankings using tolerance estimates for more than
a hundred native and introduced widespread species that

were available for two or more continents (Figs. 1, 2).
Data from different sources and different environmental
conditions led to different rankings of tolerance for a
given species. Here we use the average, always after
detailed cross-calibration of the different data sets using
common species. The standard error, which is given for
species with rankings available from two or more studies
(Appendix A), reflects this dispersion. To control for
erroneous data, estimates of the species requirement in
any single data set that differed by more than two levels
from the general species mean were removed, and the
corrected species mean value was calculated. Basic steps
followed for the cross-calibration among different
sources are given in the following section; a more
detailed description of the process followed to get a
common scale of tolerance and a list of the original
sources of information are provided in Appendix B.

Derivation of shade tolerance scales

From the many possible definitions of shade tolerance
(survival, growth, completion of life cycle, optimal
physiological performance, etc.; e.g., Grime 1979, Smith
and Huston 1989, Woodward 1990, Grubb 1998, Reich
et al. 2003, Valladares et al. 2005a), shade tolerance is
taken here as the capacity for growth in the shade. Since
shade comprises a range of light availabilities from very
dark to rather bright environments, shade tolerance is
ideally defined by the minimum light at which a given
species is able to grow. Shade tolerance of woody plants
is most frequently provided for the juveniles of each
species and thus the values obtained here apply
primarily to seedlings and saplings. Even though many
species have been shown to change their shade tolerance
during their lifetime, with a tendency for a decreasing
tolerance with age, in most cases the relative rankings of
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(A) Correlations between the waterlogging tolerance rankings of temperate species developed in North America and

Europe, and (B) correlations between the drought tolerance ranking developed in North America and species moisture indicator
value developed in Europe. Data points are as described for Fig. 1A. The dashed line in (A) is for the 1:1 relationship. The
regressions in (A) and (B) were used to obtain common waterlogging and drought tolerance scales for North American and

European species.

coexisting species do not change from seedlings to adults
(Yevstigneyev 1990, Grubb 1998, Kitajima and Bolker
2003). The five-level scale used for shade tolerance (1,
very intolerant; 2, intolerant; 3, moderately tolerant; 4,
tolerant; 5, very tolerant) corresponds approximately to
the following light availabilities expressed as percentage
of full sunlight: 1, >50%; 2, 25-50%; 3, 10-25%; 4, 5—
10%; 5, 2-5%.

We used the five-level shade tolerance scale of Baker
(1949) as the starting point for the North American
species. This shade tolerance ranking is based on actual
measurements of minimum light availability of species
location (Wiesner 1907, Zon and Graves 1911), further
modified to include a wide range of foresters’ opinions
on species biology. Because it includes a large number of
important species, it is commonly used in classifying tree
light requirements in comparative studies of life history
traits in North American tree species (Kobe et al. 1995,
Coomes and Grubb 2000, Walters and Reich 2000).
Data for nine additional data sets covering more species
and providing additional data for the species included
by Baker were used to construct a more complete and
robust data set for North America (Tables 1, 2; see
Appendix B for details).

For European species, we used the species ranking of
Ellenberg (1991), which is commonly employed to
characterize species’ potential to grow in the understory
(Niinemets and Kull 1994, Coomes and Grubb 2000,
Cornwell and Grubb 2003). Ellenberg’s ecological
indicator values for light characterize species’ natural
dispersal along the habitats of varying light availability,
and vary for woody species from values of three to nine,
giving a seven-level scale (Ellenberg 1991, Hill et al.
1999, 2000). These values are derived from actual
measurements of light availability in a species’ habitat.
To improve the shade tolerance estimates of important
European trees and increase the scope of the data set, 11

additional shade tolerance scorings were included and
cross-calibrated as detailed in Appendix B and Tables
1, 2.

For East Asian species, we used the study of
Kikuzawa (1984) augmented by the assessments of
species successional position in Koike (1988) and
Maruyama (1978) and from various comparative studies
reporting species’ successional sequence and species;
tolerance of understory shade (e.g., Kohyama 1984,
Ohsawa et al. 1986, Kikuzawa 1988, Peters 1992, 1997,
Kamijo and Okutomi 19954, b, Ozaki and Ohsawa 1995,
Peters et al. 1995, Sumida 1995, Tanouchi and
Yamamoto 1995, Nakashizuka and Iida 1996, Tanouchi
1996, Ohsawa and Nitta 1997, Suzuki 1997, Hiroki and
Ichino 1998, Lei et al. 1998, Ke and Werger 1999,
Masaki 2002, Hiroki 2003, Ishii et al. 2003, Nanami et
al. 2004; Table 1; sece Appendix B for details). The
greater woody species richness in East Asia relative to
Europe and North America, which prevents the develop-
ment of straightforward rankings of the species, and the
lack of a standard classification of shade tolerance on
this continent imposed obvious limitations to the
reliable inclusion of many Asian species in our data set.

To derive a common shade tolerance scale for North
American and European species, we used the species
present in both data sets and derived a linear regression
between the shade tolerance and the light requirement
scorings (Fig. 1A). This regression equation was
employed to convert the estimates of light requirement
of European species to the common five-level shade
tolerance scale (1, very intolerant; 5, very tolerant).
Ultimately, the different shade tolerance estimates of
species common in both data sets were averaged.

For 149 East Asian native species we obtained
corresponding shade tolerance estimates for the same
species introduced to North America and/or Europe
(Table 1). We employed linear regression analysis to test
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on different continents.

Ecological Monographs

Studies that provided the estimates of shade tolerance for native and introduced plants

Number of species

Vol. 76, No. 4

References North America Europe East Asia Total
Shade tolerance rankings developed in North America for native and introduced species
Baker (1949) 148 148
Fowells (1965) 117 117
Graham (1954) 20 20
Hicks and Chabot (1985) 14 14
Kuhns and Rupp (2000) 117 37 57 212
Minore (1979) 24 24
Online databases and documentst 194 53 120 232
White (1983) 48 48
Wiesner (1907) 15 2 17
Zon and Graves (1911) 85 85
Shade tolerance scales developed in Europe for native and introduced species
Brzeziecki and Kienast (1994) 1 36 36
Ellenberg (1996) 42 42
Ellenberg (1991) 32 208 4 218
Gayer (1898) 1 20 21
Hill et al. (1999) 28 146 10 166
Ivanov (1932) 8 2 10
Jahn (1991) 44 44
Morozov (1903) 14 14
Otto (1994) 33 33
Wiesner (1907) 4 16 1 21
Walter (1968) 12 12
Warming (1909) 16 16
Yevstigneyev (1990) 11 11
Shade tolerance estimates for Japanese native species
Kikuzawa (1984) 28
Koike (1988) 30
Maruyama (1978) 13

1 These include Stange et al. (2002), Smith (2004), Dirr (2005), Morris (2005), and USDA NRCS

(2005).

whether the five-level scale of shade tolerance developed
in the native habitat of the species corresponds to the
five-level scale developed previously for the North
American and European species. This analysis demon-
strates that both the shade tolerance scorings obtained
in species’ native and foreign locations were strongly
related with minor deviations from the 1:1 line (Fig. 1B).
The final shade tolerance ranking for the East Asian
species was obtained as the mean of the shade tolerance
estimates determined in the native habitats and for these
species growing on other continents. This ranking was
critically revised further by Professors Kihachiro Kiku-
zawa, Tohru Nakashizuka, Masahiko Ohsawa, and
Tsutom Hiura (see Acknowledgments), and we believe
that the best possible shade tolerance scale for East
Asian species was obtained.

Comparative waterlogging tolerance estimates

The definitions of species’ waterlogging tolerance (i.e.,
tolerance of reduced root-zone soil oxygen availabilities)
vary strongly from study to study (Bell and Johnson
1974, Whitlow and Harris 1979, Bratkovich et al. 1993,
Kuhns and Rupp 2000). This large variation in
definitions is partly associated with inherent differences
in response of temperate species to waterlogging
depending on whether the waterlogging is during winter

or during the growing season, whether the water is
flowing or standing, and the degree to which soil oxygen
contents decrease and soil redox potential is altered
(Bratkovich et al. 1993, Crawford 1996, Pezeshki et al.
1996, 1997). We adopt the qualitative waterlogging
tolerance scale of Whitlow and Harris (1979): 5, very
tolerant (survives deep, prolonged waterlogging for
more than one year); 4, tolerant (survives deep water-
logging for one growing season); 3, moderately tolerant
(survives waterlogging or saturated soils for 30 consec-
utive days during the growing season); 2, intolerant
(tolerates one to two weeks of waterlogging during the
growing season); 1, very intolerant (does not tolerate
water-saturated soils for more than a few days during
the growing season). Although waterlogging tolerance is
often considered synonymous with flooding tolerance,
we note that flooding impact in riparian ecosystems also
involves, in addition, sand/gravel depositions around the
tree base and various mechanical stresses (Naiman et al.
1998, Bendix and Hupp 2000).

Waterlogging tolerance rankings for the North
American species were obtained from Bell and Johnson
(1974), Minore (1979), Whitlow and Harris (1979)
revised using the data from White (1973), Barnes
(1991), Tesche (1992), Bratkovich et al. (1993), Iles
and Gleason (1994), USDA NRCS (1996), Kuhns and
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TaBLE 2. Comparison of various shade-tolerance scorings.
North American shade-tolerance rankings

Referencet 1 2 3 4 5 6 7 8 9
1) Baker (1949) 1.000
2) Fowells (1965) 0.907  1.000
3) Graham (1954) 0.955 0.897 1.000
4) Hicks and Chabot (1985) 0.802 0.794 0.949 1.000
5) Kuhns and Rupp (2000)  0.875 0.877 0.927 0.932  1.000
6) Minore (1979) 0.910 0.887 0.970  1.000
7) Online databases and 0.832 0.786 0.818 0.970 0.735 0.845 1.000

documentsi
8) White (1983) 0.834 0.820 0.775 0.927 0.920 0.801  1.000
9) Wiesner (1907) —0.927 —0.564 - —0.832 —0.674 1.000
10) Zon and Graves (1911) 0.870 0.830 0.948 0.841 0.882 0.707 0.887 0.710 0.896
European shade-tolerance rankings

Referencet 11 12 13 14 15 16 17 18 19 20 21 22

11) Brzeziecki and Kienast 1.000
(1994)

12) Ellenberg (1996) 0.817  1.000
13) Ellenberg (1991) —0.816 —0.897 1.000
14) Gayer (1898) 0.846  0.952 —0.866 1.000
15) Hill et al. (1999) —0.762 —0.811 0.864 0.811 1.000
16) Ivanov (1932) —0.883 —0.767 0.898 —0.600 0.867 1.000
17) Jahn (1991) —0.778 —0.874 0.897 —0.870 0.866 0.833  1.000
18) Morozov (1903) 0.907 —0.937 —0.884 0.975 —0.911 —0.961  1.000
19) Otto (1994) 0.807 —0.824 —0.821 0.778 —0.733 —0.638 —0.756  0.775  1.000
20) Walter (1968) 0.694 —0.789 —0.778 0.916 —0.789 —0.700 —0.840 0.991 0.657 1.000
21) Warming (1909) 0.949 0.895 —0.901 0.939 —0.853 —0.700 —0.922 0.963 0.882 0.949 1.000
22) Wiesner (1907) —0.843 —0.793 0.860 —0.882 0.698 0.800 0.839 —0.974 —0.752 —0.979 —0.964 1.000
23) Yevstigneyev (1990) 0.850 —0.710 —0.826  0.886 —0.762 —0.741 0900 0.735 0.759 0.886 0.771

Note: Data are presented as Spearman rank correlation coefficients significant at P < 0.05 or better. Ellipses () indicate that

fewer than five common species were available.

+ The number of species for every data set is given in Table 1. All rankings increase with increasing species’ shade tolerance
except for Wiesner (minimum light at species growth location), Jahn (light requirement), both Ellenberg and Hill et al. (light
indicator value), and Ivanov (photosynthetic compensation point); these are negatively related to shade-tolerance.

1 Stange et al. (2002), Smith (2004), Dirr (2005), Morris (2005), USDA NRCS (2005).

Rupp (2000), and from the online USDA Plants
database Version 3.5 (USDA NRCS 2005). All data
sets were cross-calibrated as detailed in Appendix B. The
refinement of final rankings of species with similar
waterlogging tolerance according to large data sets was
achieved by using the studies on dispersal of species
along wetland—upland continua as well as ecophysio-
logical common garden investigations (Hosner 1958,
Harms et al. 1980, Jones and Sharitz 1989, Jones et al.
1994, Ranney 1994, Ranney and Bir 1994, Yin et al.
1994, Hoagland et al. 1996, Naiman et al. 1998, Bendix
and Hupp 2000, Dale and Ware 2004).

For the European species, waterlogging tolerance
estimates were obtained from Prentice and Helmisaari
(1991), Tesche (1992), Merritt (1994), Schaffrath (2000),
Glenz (2005), the Biological Flora of British Isles review
series published regularly by the Journal of Ecology
(1941-2005), from studies of comparative waterlogging
tolerance (Frye and Grosse 1992, Tapper 1993, 1996,
Ranney 1994, Ranney and Bir 1994, van Splunder et al.
1995, Anonymous 1996, Siebel and Blom 1998, Siebel et
al. 1998, van Splunder 1998, Burkart 2001, Karrenberg
et al. 2002, Kreuzwieser et al. 2002), and country-specific
floras (e.g., Vaga et al. 1960, Oberdorfer et al. 1994).

Linear regressions were employed to cross-calibrate the
data sets. Details of number of species from each source
and cross-calibration statistics are given in Appendix B.
The obtained scale was further converted to the five-
level scale derived for North American species using the
species common in both North American and European
waterlogging tolerance assessments (Fig. 2A).

Among the North American and European data sets,
cross-calibrated waterlogging tolerance estimates were
available for 90 East Asian species. Further data of
species waterlogging tolerance were obtained from
Nikolov and Helmisaari (1992; comparative data for
nine European and East Asian species), from the online
databases Virtual Plant Tags (Dirr 2005) and Plants for
a Future (Morris 2005), and from comparative ecophy-
siological studies (Tsukahara 1985, Takahashi et al.
1988, Ranney 1994, Ranney and Bir 1994, Terazawa and
Kikuzawa 1994, Yamamoto et al. 1995, Sakio 2003).
Ecophysiological comparative studies were also em-
ployed to revise the initial estimates obtained from
online databases. Using the cross-calibrated values, all
waterlogging estimates were converted to a common
scale, and a mean waterlogging tolerance estimate was
calculated for every species. The final ranking of East
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Asian species was critically reviewed by Professors
Kihachiro Kikuzawa, Tohru Nakashizuka , Masahiko
Ohsawa, and Tsutom Hiura (see Acknowledgments), and
the tolerance rankings were adjusted by =*0.25-1.0
tolerance units for a total of 26% of species in response
to their expert suggestions.

Determination of drought tolerance rankings

Drought tolerance can be achieved by a diverse array
of structural and physiological traits, and plant rankings
according to drought tolerance are often based on
different combinations of traits and evidence. The three
major bases for species rankings are physiological
tolerance to water stress, morphological and life cycle
strategies to cope with scant water, and the water
availability estimated on the sites where the species more
frequently occur (Hsiao 1973, Ludlow 1989, Ellenberg
1996, Chaves et al. 2002, Sack 2004, Valladares et al.
2005b). For this reason, our drought tolerance rankings
(1, very intolerant; 2, intolerant; 3, moderately tolerant;
4, tolerant; 5, very tolerant) are based on site character-
istics of species dispersal and physiological potentials of
species. The relevant site features considered are total
annual precipitation, ratio of precipitation to potential
evapotranspiration (P:PET ratio), and duration of the
dry period. Plant physiological potentials are charac-
terized by minimum soil water potential that can be
tolerated over the long term with <50% of foliage
damage or dieback (Larcher 1994). The five-level scale
used for drought tolerance approximately corresponded
with the following values for each category rank: 1,
>600 mm precipitation with little variation during
growing season, P:PET ratio of >3.0, few days of
drought, and greater than —0.3 MPa soil water
potential; 2, 500-600 mm precipitation, variation of
precipitation distribution during growing season char-
acterized by coefficient of variation <10%, P:PET ratio
of 1.5:3 , few weeks of drought, and from —0.3 to —0.8
MPa soil water potential; 3, 400-500 mm precipitation
with a growing season coefficient of variation of 10—
15%, P:PET ratio of 0.8:1.5, up to one month of
drought, and from —0.8 to —1.5 MPa soil water
potential; 4, 300400 mm precipitation with a growing
season coefficient of variation of 20-25%, P:PET ratio of
0.5:0.8, two to three months of drought, and from —1.5
to —3 MPa soil water potential; 5, <300 mm precip-
itation with a growing season coefficient of variation
>25%, P:PET ratio of <0.5, more than three months of
drought, and less than —3 MPa soil water potential.
Since plants found in a dry area can be on locally wet
soils and vice versa, and plants previously exposed to a
dry period can tolerate lower soil water potential than
those not exposed to it (Kozlowski et al. 1991, Larcher
1995, Valladares and Pearcy 1997), the rank assigned to
a given species is the one corresponding to the lowest
score (lowest tolerance) for each of these four categories.
This yields a more conservative estimate of the real
drought tolerance of the species. As with shade and
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waterlogging tolerance, different drought tolerance
scales were cross-calibrated using the species common
in specific data sets, and a mean drought tolerance score
was determined for each species.

For the North American species, the drought
tolerance rankings were derived from Minore (1979),
Meerow and Norcini (1997), Kuhns and Rupp (2000),
Cerny et al. (2002), the online USDA Plants database
(USDA NRCS 2005), and from comparative studies on
species’ drought tolerance (e.g., Abrams 1990, Ni and
Pallardy 1991, Ranney et al. 1991, Tyree and Alexander
1993, Abrams et al. 1994, Kubiske and Abrams 1994,
Sperry et al. 1994, Kubiske et al. 1996, Linton et al.
1998, Loewenstein and Pallardy 1998). The drought
tolerance scales were cross-calibrated in a similar
manner as shade and waterlogging tolerance scales.
Appendix B provides the details of cross-calibration and
data sources.

For the European species, data on species’ drought
tolerance were obtained from species rankings provided
by Ellenberg (1991, 1996), Jahn (1991), Brzeziecki and
Kienast (1994), Otto (1994), Brzeziecki (1995), and Hill
et al. (1999), and from comparative ecophysiological
studies (e.g., Ranney et al. 1991, Acherar and Rambal
1992, Epron et al. 1993, Epron 1997, Aasamaa and
Sober 2001, Aasamaa et al. 2004, Cochard et al. 2004).
Details of data sets used and homogenization of data
sets are reported in Appendix B. The European and
North American species were converted to a common
scale by a linear regression based on the species scored
on both continents (Fig. 2B).

As with the waterlogging tolerance ranks, cross-
calibrated estimates of species’ drought tolerance were
available for 90 East Asian species in the North
American and European data sets. Drought tolerance
assessments of East Asian species relative to European
species were also provided for 30 species by Percival and
Sheriffs (2002) and for nine species by Nikolov and
Helmisaari (1992). Additional data of species’ drought
tolerance were obtained from studies comparing species
biology (Maruyama and Toyama 1987, Ranney et al.
1991, Liang et al. 1995) and from the online databases
Plant Virtual Tags (Dirr 2005) and Plants for a Future
(Morris 2005). Using the cross-calibrated values, all
drought tolerance assessments were converted to a
common scale, and averages were calculated. On the
basis of critical assessment of the East Asian drought
tolerance scale by Professors Kihachiro Kikuzawa,
Tohru Nakashizuka, Masahiko Ohsawa, and Tsutom
Hiura (see Acknowledgments), the tolerance rankings
were adjusted by £0.25-1.0 tolerance units for a total of
17% of the species.

Phylogenetic signal and phylogenetically
independent contrasts
We tested for the presence of phylogenetic signal in

the comparative data set of species’ tolerance to shade,
drought, and waterlogging. The term “phylogenetic
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signal” refers to the tendency of related species to
resemble each other (Blomberg and Garland 2002).
Since different methods frequently yield different results,
phylogenetic signal was estimated by two complemen-
tary approaches: (1) by the correlation between the
phylogenetic and the tolerance matrices of distances
among the species, and (2) by calculating the average
magnitude of phylogenetically independent contrasts
over the phylogenetic tree using the analysis of traits
module in the PHYLOCOM software (Ackerly 2004).
Trait conservatism was estimated using the mean values
of the contrasts (see Garland [1991] in Blomberg and
Garland [2002]) also using PHYLOCOM. For quanti-
fication of association between the phylogenetic distance
matrix and each of the tolerance distance matrices a
Mantel test (Sokal and Rohlf 1995) was carried out with
the software Mantel Nonparametric Test Calculator 2.0
(Adam Liedloff, Queensland University of Technology,
Australia). The values of Z (Mantel coefficient), g
(standard normal variate) and r (correlation coefficient)
were calculated from the two matrices specified. The
obtained values of g were then compared with critical
values for the most common levels of significance (P =
0.01, P = 0.025, and P = 0.05). The program also
generated a user-specified number of random permuta-
tions of the first matrix to determine the possible
variation within the data. In our case, 1000 random
iterations were calculated for each distance (or dissim-
ilarity) matrix and the values of g and Z were obtained
in each case from the randomized distribution. Euclid-
ean distances were used for the matrices and the zeros of
the diagonal were excluded from the analyses as
recommended by Legendre and Legendre (1983).

The phylogenetic signal was estimated for both the
whole set of species where reliable phylogenetic in-
formation was available up to the level of genera, and
separately for two genera (Quercus and Pinus) for which
reliable phylogenetic information could be found down
to species level. These two genera were selected to have
one representative of each of the two main groups of
woody plants (gymnosperms and angiosperms), and
because both Quercus, with over 500 extant species, and
Pinus, with over 100 extant species, are ecologically
important as major components of many temperate
forests.

The ANALYSIS OF TRAITS (AOT, Version 3.0)
module of PHYLOCOM (Ackerly 2004) was used to
explore the phylogenetic signal and to carry out node-
level analyses of trait means and diversification.
Phylomatic, a tool associated with PHYLOCOM
(Ackerly 2004) was used to generate the initial tree in
the Newick format; the obtained tree was checked and
corrected manually for species not yet included in the
web database. Phylogenetic signal was estimated in
AOT by the average divergence deviation relative to the
null hypothesis (randomizations of trait values across
the tips of the tree). If closely related species are highly
divergent, there will be many large contrasts near the
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tips of the tree, while if the trait evolution is conserved,
the divergence will be small. To handle polytomies, AOT
used standard deviation of the descendent trait means.
Significance testing for the patterns of traits conserva-
tism was conducted by randomization of trait values
across the tips of the phylogeny; 10 000 randomizations
were carried out for the results presented here. For the
tolerance to each of the three stresses studied here, the
percentage of nodes exhibiting significant conservatism
and divergence, and the mean divergence and age of
these nodes, were calculated. Conservatism was taken as
significant when standard deviation was significant in
the low tail of the null distribution, and divergence was
significant when standard deviation was significant in
the high tail of the null distribution. Mean divergence
was expressed as standard deviation of values at
daughter nodes and age was expressed as percentage
of relative age across the tree, with 100% being the root
and 0% being the tips of the tree.

Quantitative information to build the phylogenetic
tree and the phylogenetic distance matrix was obtained
from Soltis et al. (2000) for angiosperm plants, from
Schmidt and Schneider-Poetsch (2002) for gymnosperms,
from Manos et al. (1999) for the genus Quercus, and from
Liston et al (1999) for the genus Pinus. The concurrent
species of our data set and those phylogenetic studies
were, for the genus Quercus, Q. acutissima, Q. agrifolia,
Q. alba, Q. cerris, Q. chrysolepis, Q. ilex, Q. palustris, Q.
robur, Q. rubra, Q. turbinella, and Q. virginiana, and for
the genus Pinus, P. albicaulis, P. aristata, P. attenuata, P.
bungeana, P. cembra, P. contorta, P. coulteri, P. echinata,
P. halepensis, P. lambertiana, P. parviflora, P. ponderosa,
P. resinosa, P. strobus, P. sylvestris, P. thunbergii, P.
virginiana, and P. wallichiana.

With the phylogenetic information of these species of
Quercus and Pinus, phylogenetic independent contrasts
(Felsenstein 1985) were carried out to remove the
influence of phylogeny on the relationships between
the tolerances to shade, drought, and waterlogging. The
software PDAP (Phenotypic Diversity Analysis Pro-
grams, Version 6.0, by T. Garland, Jr., P. E. Midford, J.
A. Jones, A. W. Dickerman, and R. Diaz-Uriarte),
which is described in Garland et al. (1993), was used.
The independent contrasts were carried out with the
module PDTREE (Garland et al. 1999). PDTREE
allows the user to enter and edit a phylogenetic tree
and associated phenotypic data for the species at its tips,
which in our case were the values of tolerance to shade,
drought, and waterlogging. Since only two phenotypic
values can be entered at each tip and node, three trees
per genus were used to estimate pairwise correlations
between the tolerances to the three environmental
factors. Branch lengths from the molecular phylogenies
of the species of Quercus and Pinus were directly taken
from the bibliography (Liston et al. 1999, Manos et al.
1999). A Brownian motion model of evolution was
assumed. Multifurcations (polytomies) were only found
for the Pinus tree and these were handled as described in
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Purvis and Garland (1993). Felsenstein’s pairwise
independent differences (contrasts) were standardized
by dividing each contrast by the standard deviation of
the contrast (i.e., square root of the sum of the lengths of
the branches of the phylogenetic tree). Correlations
between traits were also estimated in phylogenetically
independent contrasts using the AOT module of
PHYLOCOM. The significance was obtained using n
— 2 degrees of freedom in a table R, where n is the
number of internal nodes providing contrasts, because
randomization of tip values breaks down patterns of
trait conservatism (Lapointe and Garland 2001). This
approach was used for both the whole data set of species
and the species of Quercus and Pinus listed above.

Data analysis

All tolerance scales were derived from independent
observations on species’ ecological potentials and thus
satisfy the primary criterion of the statistical analysis.
The bivariate relationships between shade, drought, and
waterlogging tolerance estimates were explored by
standardized major axis regressions using the program
(SYMATR 1.0 (Falster et al. 2003). Standardized major
axis (SMA) regression estimates the residuals from the
line in both x and y dimensions (Warton and Weber
2002); SMA regression is an appropriate method for
fitting the data if the functional relationships between
the variables is not known a priori, and if both x and y
variables are measured with a certain degree of error. In
addition, SMA regressions are particularly pertinent for
comparison of bivariate relationships among groups of
data, because SMA fitting avoids flattening of the slope
as the correlation between the variables decreases
(Wright and Cannon 2001, Warton and Weber 2002).

The SMA regressions between species groups were
compared by (SYMATR 1.0 (Falster et al. 2003). This
program first uses a maximum-likelihood ratio devel-
oped by Warton and Weber (2002) to test for the slope
differences of SMA regressions. (The equivalent test in
ordinary ANCOVA is the separate slope model.)
Whenever slopes are found not to be different, the
analysis is continued according to standard ANCOVA
(common slope model) to test for difference among the
intercepts. All relationships were considered significant
at P < 0.05.

Quantile regression, a powerful technique to examine
ecological patterns (Cade and Noon 2003), was used to
explore the relationships between tolerances over the
entire surface of the scatter diagrams. Quantile regres-
sion is based on least absolute values and the model is fit
by minimizing the sum of the absolute values of the
residuals; the technique is very resistant to outliers and
allows for the exploration of relationships from the
edges of the diagrams by estimating quantiles of the
dependent variable ranging from 0% to 100% (Scharf et
al. 1998). Quantile regression was carried out with the
software Blossom, Version 2005.05.26 (Cade and
Richards 2005).
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REsULTS
Tolerance scales

Ten species rankings were employed to derive the final
mean shade tolerance estimate for North American
species, while 13 shade tolerance rankings were used for
European species, and three major rankings along with a
series of detailed succession and ecophysiological studies
were used for East Asian species (Table 1). For all sets of
data, various shade tolerance scorings were strongly
correlated (Table 2 for North American and European
data sets; r = 0.91 for Kikuzawa [1984] vs. East Asian
mean ranking; » = 0.89 for Koike [1988] vs. mean; and r
=0.92 for Maruyama [1978] vs. mean; P < 0.001 for all),
demonstrating a strong convergence of different species’
shade tolerance rankings and the reliability of the
derived mean species value.

In addition, cross-calibration of shade tolerance scales
among different continents and available data of shade
tolerance of naturalized species on specific continents
further enhanced the reliability and extension of the data
set. Certainly, including shade tolerance estimates for
species naturalized in foreign habitats introduces some
uncertainty. In particular, exotic species may become
more tolerant in foreign habitats due to hybridization
with native species and following gene flow by intro-
gression into exotic species populations (Milne and
Abbott 2000), as well as due to selection of more
tolerant varieties by gardeners. However, we compared
the shade tolerance estimates of species in natural and
introduced habitat using paired ¢ tests and found that
the shade tolerance in the introduced habitat did not
differ significantly from that in native habitat. For
instance, P > 0.7, for comparison of shade tolerance
estimates of North American species growing in native
habitat and in Europe.

We obtained reliable drought and waterlogging
tolerance scales for North American and European/
East Asian species using a series of revised assessments
of species’ performance (13 extensive data sets for North
America and 13 for Europe along with a series of case
studies). All data sets were strongly correlated, and
these correlations were employed to cross-calibrate the
data sets and calculate the mean tolerance estimates (see
Appendix B for the statistics). Using the mean values
effectively reduces the study-to-study bias in species’
scorings, thereby enhancing the reliability of final
tolerance estimates. Further using these cross-calibrated
mean values for species in every continent, we used
species native on several continents as well as intro-
duced species to develop global waterlogging and
drought tolerance scales (Fig. 2). As with shade
tolerance, we did not observe any statistical difference
among the drought and waterlogging tolerance esti-
mates of the species in their native and introduced
habitat (P > 0.5), suggesting that we have obtained
general and unbiased intercontinental drought and
waterlogging tolerance scales.
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TABLE 3.
species: standardized major axis regressions.
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Bivariate relationships between shade, drought, and waterlogging tolerance estimates for 806 temperate shrub and tree

Tolerance
Group y variable x variable Intercept Slope e P

A) Species from all functional types pooled (n = 806)

Pooled Shade Drought 5.24 —-0.956 0.082 0.001

Pooled Shade Droughtf 5.92 —1.06 0.303 0.001

Pooled Shade Waterlogging 4.42 —1.02 0.015 0.001

Pooled Drought Waterlogging 4.90 —1.07 0.246 0.001
B) Comparison among gymnosperm (n = 118) and angiosperm (mostly broad-leaved, n = 688) species}

Gymnosperms Shade Drought 6.20 —1.14a 0.466 0.001

Angiosperms Shade Drought 5.04 —0.909b 0.035 0.001

Gymnosperms Shade Waterlogging 5.45 —1.89a 0.000 0.97

Angiosperms Shade Waterlogging 4.28 —0.929h 0.018 0.001

Gymnosperms Drought Waterlogging 5.50 —1.66a 0.023 0.10

Angiosperms Drought Waterlogging 4.85 —1.026 0.298 0.001
C) Comparison among evergreen (n = 134) and deciduous (n = 554) broad-leaved species

Evergreen Shade Drought 5.22a —0.889a 0.022 0.08

Deciduous Shade Drought 5.01p —0.918a 0.042 0.001

Evergreen Shade Waterlogging 4.49a —1.039a 0.041 0.02

Deciduous Shade Waterlogging 4.22a —0.904a 0.013 0.007

Evergreen Drought Waterlogging 5.22 —1.168a 0.337 0.001

Deciduous Drought Waterlogging 4.76 —0.985h 0.289 0.001

T Species with moderate to very high waterlogging tolerance (>2.5) were removed (n = 612).

i Standardized major axis (SMA) regression slopes and intercepts among different functional types were compared using the
computer program (SYMATR 1.0 (Falster et al. 2003). To compare the slopes, this software uses a maximum-likelihood ratio
developed by Warton and Weber (2002). When the slopes are not statistically different, the analysis is continued using standard
ANCOVA techniques (common slope model) to test for the difference among the intercepts (Falster et al. 2003).

Correlations between species’ shade, drought,
and waterlogging tolerances

Pooling all data, we observed negative correlations
between species’ shade and drought tolerance, shade and
waterlogging tolerance, and drought and waterlogging
tolerance (Table 3A, Figs. 3-5). The negative correla-
tions between shade and drought tolerance (Figs. 3A—C,
4A) and drought and waterlogging tolerance (Figs. 3G—
1, 4C) were significant for all continents, and a negative
correlation was also found between species’ shade and
waterlogging tolerance for the European (Fig. 3E) and
East Asian (Fig. 3F) data sets.

Due to the simultaneous negative correlations be-
tween species’ shade and waterlogging tolerance (Fig.
3E) and drought and waterlogging tolerance (Fig. 3H),
in particular for the European data set, several species
were apparently outliers in Fig. 3B. These shade
intolerant species with high waterlogging tolerance had
low drought tolerance, and interestingly, most of them
belonged to the family Ericaceae, which contains many
dominant species in raised bogs. The negative correla-
tion between species’ shade and drought tolerance was
improved when species with waterlogging tolerance
>2.5 were removed from the data set (inset in Fig. 3B
for European data set; for all data pooled, 1?=0.303 for
the truncated vs. > = 0.082 for the entire data set; Table
3A). The role of waterlogging tolerance in the relation-
ship between shade and drought tolerance was further
assessed by linear multiple regression with all data. In
this regression, both drought (P < 0.001) and water-

logging tolerance (P < 0.001) were negatively associated
with shade tolerance (> = 0.176).

Comparisons of the standardized major axis (SMA)
regression slopes for the relationships between shade
and drought tolerance ranked the continents according
to the slope as East Asia < North America < Europe
(Fig. 4A; P < 0.005 for comparisons between East Asian
data set with other two, and P = 0.051 for the
comparison between European and North American
data sets). The East Asian data set also had significantly
more negative slope for the shade vs. waterlogging
tolerance relationship (P < 0.001). The slopes were not
different among the continents for the drought vs.
waterlogging tolerance relationship (Fig. 4C; P > 0.8),
but the elevation of the regression line was significantly
lower for the East Asian than for the North American
and European data sets (Fig. 4C; P < 0.001).

In these comparisons, the species native to both
Europe and North America (mostly species from
Ericaceae and Salicaceae families) and intercontinental
hybrids of European and North American origin, and
European and East Asian origin (n = 30) were
considered as part of the European data set. When
these species with wide distribution and the interconti-
nental hybrids were considered as part of the flora of
other continents, the negative correlation between
species’ shade and waterlogging tolerance was significant
both for European (> = 0.022, P = 0.023) and North
American (> = 0.012, P = 0.039) data sets, further
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FiG. 3. Correlations between species’ shade tolerance and drought tolerance (A—C) and waterlogging tolerance (D-F), and

between species’ drought and waterlogging tolerance (G-I) for 806 temperate woody species from North America (A, D, G; n=
339), Europe/West Asia (B, E, H; n = 256), and East Asia (C, F; n = 211). Data were fitted by standardized major axis (SMA)
regressions (see Table 3 for pooled regressions) using the program (SYMATR 1.0 (Falster et al. 2003), and the regressions for all
continents are shown in Fig. 4. The statistically nonsignificant regression in (D) is shown by a dotted line. Data encircled in (B)
correspond to species with high waterlogging tolerance and low drought tolerance, and the inset demonstrates the correlation for a
truncated data set containing only species with waterlogging tolerance estimate <2.5 (P < 0.001). Error bars show *sk of separate
independent assessments for the same species. A full species list with tolerance values is provided in Appendix A.

demonstrating the importance of wide distribution
Ericaceae with specific physiological potentials.
Quantile regression revealed that these negative
relationships were not always significant across the
entire scatter diagram (Fig. 5). High light species
exhibited a wide range of drought tolerances, so the
negative relationship between shade and drought
tolerance was significant only for species growing in
moderate to deep shade (Fig. 5A, D). The relationship
between shade and waterlogging tolerances was weak,
being significant only for the lowest quantiles (i.e., for

species growing in moderate shade to high light). By
contrast, the negative relationship between drought and
waterlogging tolerances was significant for all quantiles,
except for the 99% (i.e., for some exceptional species
tolerating extreme drought; Fig. 5C, F).

Functional type and tolerance to shade, drought,
and waterlogging

To determine the extent to which the correlations
between species’ ecological potentials are modified by
various functional types, we quantified the relationships
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among tolerance estimates separately for gymnosperms
(mostly needle-leaved species in our data set, except for
Ginkgo biloba, which is a broad-leaved species) and
angiosperms (mostly broad-leaved species with the
exception of some needle-leaved species such as Erica
and Calluna from Ericaceae). These relationships were
also explored separately for evergreen and deciduous
angiosperms (mostly broad-leaved species).

Species’ shade and drought tolerance was correlated
both for gymnosperms and angiosperms (Fig. 6A, Table
3B). The slope of this relationship was significantly
greater for gymnosperms than for angiosperms (Table
3B). However, the correlations between species’ shade
and waterlogging tolerance (Fig. 6B, Table 3B) and
drought and waterlogging tolerance (Fig. 6B, Table 3B)
were significant only for angiosperms. Due to the lack of
simultaneous correlations between shade and water-
logging and drought and waterlogging tolerance, the
explained variance of shade vs. drought tolerance was
much larger for gymnosperms (> = 0.466) than for
angiosperms (2 = 0.035).

Among the angiosperms, the slope of the shade vs.
drought tolerance relationship was not significantly
different between deciduous and evergreen broad-leaved
species, but evergreens had significantly larger shade
tolerance at a common drought tolerance (Fig. 6D,
Table 3C): For shade tolerance vs. waterlogging
tolerance, the correlations were not significantly differ-
ent among evergreen and deciduous species (Fig. 6E,
Table 3C). The slope of drought vs. waterlogging
tolerance was more negative in evergreen species (Fig.
6F, Table 3C). When the species with relatively high
waterlogging tolerance (>2.5) were removed from the
data set (mostly Ericaceae), the correlation between
shade and drought tolerance was significantly stronger
for both evergreen (n = 101, 1> = 0.337, P < 0.001) and
deciduous species (n = 403, r» = 0.227, P < 0.001).
Again, evergreens had a larger intercept than deciduous
species (P < 0.001), while the SMA slopes did not differ
among the groups (P > 0.8).

Simultaneous tolerance to several environmental factors

There were only a few species that were tolerant to
more than one limiting factor (tolerance index for two
variables >3). Eighty-three species (10.3% of total
species number) were both shade and drought tolerant
(e.g., Aucuba japonica, Buxus sempervirens, Quercus ilex,
Ostrya spp., some Sorbus spp., Taxus baccata), 32
species (4% of total) both shade and waterlogging
tolerant (e.g., Acer rubrum, A. saccharinum, Aesculus
turbinata, Chamaecyparis thyoides, Clethra alnifolia,
several Fraxinus spp., several Ilex spp., Persea borbonia,
Pinus glabra, Planera aquatica, Ulmus davidiana), and 21
species (2.6% of total; e.g., Amelanchier laevis, Pinus
serotina, Rhus copallina, Tamarix ramosissima, Taxo-
dium distichum, Vaccinium vitis-idaea) were both
drought and waterlogging tolerant. There were only
three species that were tolerant to all three environ-

SHADE, DROUGHT, AND WATERLOGGING TOLERANCE 533

0
A North || Europe East
America Asia
o 04
g
D ) T
2 44 * I I
© Europe é b
2 I
et
) North America J-
ko] c
& 24
w
East Asia
0 1 I
0 2 4 6
Drought tolerance
6
0
B North Europe East
America Asia
o 04
g
q_) —_—
© 44 D 08 T
= L
a T
ot ~ 1 a
@ a
2
© Europe
= b
C 24
w
East Asia
O 1 1
0 2 4 6
Waterlogging tolerance
6 0
C North Europe East
04 America) Asia
()] B
8 Europe¢ _8'
€ a4 » 08
g r . LT
(]
Q2 _ T T 1
° 1.2 a a a
=
2
O 21
S
o
East Asia '\N,?{é?ica
0 T T
0 2 4 6

Waterlogging tolerance

Fic. 4. Regressions for the correlations of (A) shade
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the standardized major axis (SMA) regressions with 95%
confidence intervals (Falster et al. 2003). Slopes with the same
letter are not significantly different (P > 0.05) according to the
maximum-likelihood ratio test of Warton and Weber (2002; see
also Falster et al. 2003).
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FiG. 5. Quantile regressions for (A) shade tolerance vs. drought tolerance, (B) shade tolerance vs. waterlogging tolerance, and

(C) drought tolerance vs. waterlogging tolerance. Lines are estimates based on least absolute values for 12 quantiles (from top to
bottom: 99%, 95%, 90%, 85%, 75%, 50%, 25%, 20%, 15%, 10%, 5%, and 1%). Solid lines indicate significant regressions (P < 0.001);
dotted lines indicate nonsignificant regressions. Panels D-F illustrate, in a simplified way, the corresponding polygonal pattern of

each relationship.

mental limitations (tolerance index for all variables >3):
Amelanchier laevis, Rhododendron periclymenoides, Rho-
dodendron viscosum. Yet, the mean tolerance value
(shade, waterlogging, drought) was 3.0-3.5 for these
species, suggesting that polytolerant plants were not
very tolerant to any of these limitations.

We calculated the overall tolerance (sum of all three
indices), and the coefficients of variation (standard
deviation per sample mean) for all the tolerance
estimates and overall tolerance to further characterize
the extent of polytolerance within the entire data set.
The coefficients of variation were 0.407 for shade, 0.367
for drought, and 0.524 for waterlogging tolerance, while
the coefficient for variation for the sum of all three
tolerance indices was 0.152. This low variation in overall

tolerance further underscores the inherent trade-offs
between species’ adaptation to interacting environmen-
tal limitations and low degree of polytolerance. “Poly-
intolerance” was also rare, with only some genera like
Betula and Larix including species that were tolerant
neither to shade nor drought nor waterlogging.

Phylogenetic signal and influence of phylogeny on
correlations among tolerances

Phylogenetic signal, estimated as the correlation
between the phylogenetic and the tolerance matrices of
distances among species, was significant for the toler-
ance of any of the three environmental factors studied
(Table 4). Between 22% and 24% of the nodes of the
phylogenetic tree exhibited trait conservatism (i.e., stress
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Shade tolerance

Drought tolerance

Waterlogging tolerance

FiG. 6.

Comparison of the relationships between (A, D) shade and drought tolerance, (B, E) shade and waterlogging tolerance,

and (C, F) drought and waterlogging tolerance. In panels A—C, gymnosperms (open circles) and angiosperms (solid circles) are
compared, and in panels D-F, deciduous (open circles) and evergreen (solid circles) angiosperms are compared. Data were fitted by
standardized major axis (SMA) regressions (Falster et al. 2003). The regression statistics are provided in Table 3B and C.
Nonsignificant regression lines (P > 0.05) for gymnosperms in B and C are not shown. Error bars represent *sge. Gymnosperm
species are mostly conifers, while angiosperm species are mainly broad-leaved (Appendix A).

tolerance was more similar among related species than
expected by chance) and only 6-8% of the nodes
exhibited significant divergence (Table 5). Divergence
occurred at branches closer to the root of the
phylogenetic tree than conservatism, which was ob-
served in bifurcations nearer the tips (Table 5).
Phylogenetic signal was significant for the whole data
set of species, and for the 18 species of Pinus for which
we could obtain reliable phylogenetic information, but
not for the 11 species of Quercus with available
phylogenetic information. This phylogenetic signal was
generally low with the correlation coefficients (Pearson’s

r) of 0.026-0.147. The exception was shade tolerance in
Pinus species (r = 0.404).

The inverse relationships between stress tolerance
estimates were significant in phylogenetically independ-
ent contrasts carried out with the whole set of species
(AOT module of PHYLOCOM). The correlations
ranged from —0.1 (drought vs. waterlogging tolerance)
to —0.37 (shade vs. drought tolerance; P < 0.01 for all).
The strongest relationship was between shade and
drought, and this relationship was also significant in
species-level phylogenetically independent contrasts in
both Pinus and Quercus (Figs. 7, 8). Among the rest of
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TaBLE 4. Phylogenetic signal estimated by the correlation
between the phylogenetic and the tolerance matrices of
distances among species in shade, drought, and waterlogging
tolerances in the whole species data set, and in the genera
Quercus and Pinus.

Tolerance r gt P

Whole species data set

Shade tolerance 0.082 18.211 <0.005

Drought 0.059 13.297 <0.005

Waterlogging 0.026 5.131 <0.005
Quercus species

Shade 0.069 0.540 >0.05

Drought 0.147 1.181 >0.05

Waterlogging 0.098 0.817 >0.05
Pinus species

Shade 0.404 5.572 <0.005

Drought 0.195 2.685 <0.005

Waterlogging 0.053 0.731 >0.05

+ Standard normal variate from Mantel test.

the pairwise inverse relationships between tolerance
estimates, only drought and waterlogging tolerance
were significantly correlated in Pinus. While significant
divergences and convergences in stress tolerance in
Quercus occurred near the tips (i.e., within sections
and subgenera), an interesting significant divergence in
drought tolerance was found in Pinus, with species of the
subgenus Pinus being more drought tolerant than
species of the subgenus Strobus (Figs. 7, 8).

DiscussioN
Plant shade tolerance rankings

Any stress factor that decreases the ability of plants to
use available light will increase the minimum daily light
dose that the plant requires to survive under given
conditions. Therefore, there is no single minimum light
level that an individual of a particular species tolerates;
“shade tolerance” is not an absolute but rather a relative
term (Spurr and Barnes 1980). Nutrient and water
availabilities, and air and soil temperature are poten-
tially capable of affecting shade tolerance (Tilman 1993,
Bazzaz and Wayne 1994), and they vary in gradients of
irradiance across gap—understory continuum. Thus,
species’ dispersal across light gradients is determined
by a complex interplay of various edaphic and climatic
factors. Due to this interplay of species’ minimum light

TABLE 5.
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requirements with other environmental factors, reliable
relative rankings of species’ shade tolerance potentials
are invaluable in trying to understand forest develop-
ment and diversity.

We revised an extensive set of published shade
tolerance scorings, and constructed a common inter-
continental scale of shade tolerance. Surprisingly, the
shade tolerance rankings of woody species, most of
which are based on foresters” and ecologists” knowledge
of species behavior, and only very few on some
quantitative work on species dispersal across understory
habitats, have remained remarkably constant for more
than a century (Table 2). This general agreement of
species classification further corroborates the suggestion
that the relative light requirements of species vary
considerably less than the absolute ones.

Very few studies have tried to develop comparative
shade tolerance rankings for different continents (Peters
1997), and even these rankings are limited to a few
dominant species. For construction of the interconti-
nental shade tolerance scale, we used shade tolerance
rankings for species native on several continents (North
America/Europe) and the data of shade tolerance of
introduced species (North America/Europe/East Asia)
to cross-calibrate the shade tolerance rankings devel-
oped on different continents. Statistical tests suggested
that the shade tolerance of species did not differ
significantly in foreign and native habitats, possibly
because most species have been introduced during a
relatively short time period of 50-200 years. Further
detailed studies suggest that European introduced
species that have escaped from cultivation (such as the
tolerant to very tolerant species Acer platanoides,
tolerant to medium tolerant species Acer pseudoplatanus,
and intolerant species Rhamnus catharctica) appear to
occur in similar habitats and canopy positions as in their
respective native habitats (Webb and Kaunzinger 1993,
Kloeppel and Abrams 1995, Hoffman and Kearns 1997,
Mehrhoff et al. 2003). The same appears to be valid for
North American species such as Picea sitchensis and
Pseudotsuga menziesii widely cultivated in Europe or
Robinia pseudacacia and Symphoricarpus albus natural-
ized in Europe (Hermann 1987). A series of widespread
Asian species such as Ailanthus altissima or Lonicera
Jjaponica also occur in similar habitats across the globe
(Hoffman and Kearns 1997, Mehrhoff et al. 2003).

Percentage of cladogram nodes exhibiting significant conservatism and divergence, mean divergence, and mean age for

the nodes for shade, drought, and waterlogging tolerances in the whole data set.

Nodes with conservatism

Nodes with divergence

Tolerance Number (%) Divergence (sD) Mean aget (%) Number (%) Divergence (sD) Mean age (%)
Shade 21.5 0.30 35.0 5.7 1.50 45.0
Drought 24.3 0.35 37.5 6.2 1.58 48.1
Waterlogging 22.6 0.17 39.4 7.9 1.43 40.6

+ Mean age is expressed as a percentage of maximal age, with zero representing the tips and 100% representing the root of the

cladogram.
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(A) Phylogenetically independent relationships between shade and drought tolerance, (B) shade and waterlogging

tolerance, and (C) drought and waterlogging tolerance for the species of the genus Quercus represented in panel E. The data points
are the Felsenstein’s pairwise independent contrasts (Felsenstein 1985) standardized with respect to the standard deviation of the
contrast. Nonsignificant (P > 0.05) regression lines are not shown. (D) Phylogenetically independent correlation coefficients
(Pearson’s r) obtained with the PHYLOCOM analysis of trait routine (see Materials and Methods: Phylogenetic signal and
phylogenetically independent contrasts). Key to abbreviations: Sh, shade; Dr, drought; WI; waterlogging. Solid bars indicate
significant correlations. (E) The Quercus phylogenetic tree is derived from the data in Manos et al. (1999). Arrows indicate nodes at
which significant divergence (D) or conservatism (C) was obtained for the three tolerances.

The obtained shade tolerance scale further agrees with
global distribution patterns of species at the extremes of
the shade tolerance rankings as illustrated by Alnus,
Betula, and Salix species being in the majority of forests
among the most intolerant species, and Acer and Fagus
species typically among the most tolerant woody
components. In fact, minimum light availabilities in late
successional temperate Fagus forests are very similar
across the globe (Peters 1997), further corroborating
that F. crenata, F. grandifolia, and F. sylvatica should be
classified as very shade tolerant. These data collectively
suggest that the global shade tolerance scale we have
derived is robust.

Plant waterlogging and drought tolerance rankings

Significant negative correlation exists between air
humidity and the distance from streams and wetlands
(Chen et al. 1999), implying that the way the species
respond to gradual changes from excess to limiting
water availabilities may significantly modify forest
succession along these gradients, and in interaction with
shade tolerance determine the forest chronosequence in
any specific site with given water availability. Therefore,
extended forest gap models also use estimates of species’
drought and waterlogging tolerance to predict forest
succession (Bugmann and Cramer 1998). Reliable
estimates of species’ drought and waterlogging tolerance
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(A) Phylogenetically independent relationships between shade and drought tolerance, (B) shade and waterlogging

tolerance, and (C) drought and waterlogging tolerance for the species of the genus Pinus represented in panel E; data points are as
described in Fig. 7. Nonsignificant (P > 0.05) regressions are not shown. (D) Phylogenetically independent correlation coefficients
(Pearson’s r) obtained with PHYLOCOM analysis of trait routine, as described in Fig. 7. (E) The Pinus phylogenetic tree was
obtained from the data of Liston et al (1999). Arrows indicate nodes at which significant divergence (D) or conservatism (C) was

observed for the three tolerances.

have been noted as primary limitations to further
development of these models (Bugmann and Solomon
1995, Bugmann and Cramer 1998). Species’ potentials to
cope with drought and waterlogging stress are often
characterized in succession models using a coarse scale
of tolerant/intolerant or by adding the gradation
intermediate (Prentice and Helmisaari 1991). Such
coarse scale assessments may be adequate for under-
standing the performance of species assemblages during
moderate stress events. More refined species rankings
may be needed to predict species’ survival during
extreme stress periods that occur only infrequently, but
that greatly influence community composition.

In this context, the assessment of stress tolerance at
the extremes becomes especially important. Even in our
detailed and uniform classification, many species tended
to aggregate at the lowest extreme of waterlogging
tolerance (e.g., Fig. 3D, G), partly because not many
species are tolerant, but also suggesting that the
resolution of the tolerance scale could be improved at
the lower range (tolerance = 1, very intolerant). At the
higher end of our waterlogging tolerance scale, the
North American data set stands out as having more
species than European or East Asian data set. While
waterlogging tolerance scales specifically developed for
Europe include several species with waterlogging ranked
as 5, very tolerant (Glenz 2005), these values are
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diminished when the data sets are cross-calibrated to a
common scale for the entire Northern Hemisphere. The
most waterlogging-tolerant trees in swamp forests in the
lowlands of cool temperate and warm temperate Europe
are Alnus glutinosa, and Populus and Salix species, while
Japanese wet forests are characterized by Alnus japonica,
Fraxinus mandshurica, Ulmus davidiana, and Salix
species. None of these forests are comparable, however,
to the extreme swamp forests of Taxodium in the
southeast United States that can be flooded all year
(Shidei 1974). Thus, the lack of very waterlogging-
tolerant species in Europe and East Asia in the cross-
calibrated rankings corresponds to reality.

As with waterlogging tolerance, many species tended
to cluster at the lower end of the cross-calibrated
drought tolerance scale (see Fig. 3A, G, for sample
graphs). Given that the climatic change scenarios predict
increasing shortage of water in certain geographic
locations, and more frequent waterlogging in other
locations (Albritton et al. 2001), it is important to
improve the resolution of this data set in the extremes.
Comparative ecophysiological studies like those of van
Splunder et al. (van Splunder et al. 1995, 1996, van
Splunder 1998) on European Salicaceae species, and
common garden experiments of Ranney and colleagues
on waterlogging tolerance of a series of North Ameri-
can, European, and East Asian Betula and Prunus
species (Ranney 1994, Ranney and Bir 1994) and
drought tolerance of Betula species (Ranney et al.
1991) provide invaluable means to fine-tune the toler-
ance rankings of closely related species and develop
reliable succession models for communities such as
riparian forests. We conclude that future comparative
ecophysiological studies are needed to refine the
resolution of drought and waterlogging scales for species
at the upper and lower limits of tolerance.

Inverse correlations between species’ ecological potentials

An inverse correlation between species’ shade and
drought tolerance has been hypothesized in several
studies (Smith and Huston 1989, Abrams 1994, Kubiske
et al. 1996), but tests of this hypothesis are conflicting.
Kubiske et al. (1996) investigated gas-exchange physiol-
ogy in six species of varying shade and drought tolerance
and found a stronger effect of drought on leaf
physiology in shade tolerant than in intolerant species.
In contrast, Sack (2004) found a similar effect of
drought on growth in 12 species of varying shade and
drought tolerance.

We observed an inverse correlation between species’
shade and drought tolerance for 806 species covering the
major dominants in North American, European/West
Asian, and East Asian temperate woody ecosystems
(Table 3A), as well as separately for every continent
(Figs. 3A—C, 4A), and plant functional type (Fig. 6A, D,
Table 3B, C), except for the evergreen angiosperms (Fig.
6D, Table 3C). This relationship had wide scatter with
significant variation of drought tolerance at a given
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shade tolerance, and thus confirmed the suggestion that
the correlation between drought and shade tolerance is
not absolute (Sack 2004).

However, the large variability for all data pooled was
also associated with correlations between shade and
waterlogging tolerance (Figs. 3E, 6B, E, Table 3), and
drought and waterlogging tolerance (Figs. 3G-I, 4C,
6C, F, Table 3). The latter correlation agrees with
previous observations for tropical species (ter Steege
1994). These negative correlations essentially mean that
certain shade intolerant species, instead of being drought
tolerant were waterlogging tolerant (see Fig. 3B, E, H),
further underscoring the importance of trade-offs
among species in terms of their ecological potentials.
When species from the family Ericaceae were removed
from the global data set, the correlations were improved
significantly.

Among the different plant functional types, the
strongest correlation between shade and drought toler-
ance was for gymnosperms (Fig. 6A, Table 3B), which
did not exhibit a correlation between shade and water-
logging (Fig. 6B) and drought and waterlogging (Fig.
6C) tolerance. In fact, only Taxodium distichum was
characterized by a high degree of waterlogging toler-
ance, while Chamaecyparis thyoides, Larix gmelinii,
Pinus contorta ssp. contorta, P. elliotti, P. glabra, P.
serotina, P. sibirica, and P. sylvestris were moderately
tolerant of waterlogging. This low number of water-
logging-tolerant species in gymnosperms demonstrates
that not only the ecological and physiological trade-offs,
but also phylogeny and historical factors may constrain
the viable combinations of ecological potentials in
species.

It is striking that the correlations among species’
shade and drought tolerance and waterlogging and
drought tolerance were observed for all continents (Figs.
3, 4), and among most plant functional types. It is
further remarkable that the standardized major axis
regressions fitted to the data (Fig. 4A-C, Table 3)
differed only to a minor extent among the continents
and functional types. Part of these intercontinental and
functional type differences were associated with the
existence of a negative relationship between shade and
waterlogging tolerance in a specific subset of data,
primarily the species of Ericaceae. Despite the significant
phylogenetic signal found in the tolerance to each
environmental limitation (Table 4), the negative corre-
lations were also significant in phylogenetic independent
contrasts for species in the genera Pinus and Quercus,
particularly for the shade—drought tolerance relation-
ship (Fig. 5). All these findings support the generality of
the trade-offs in the tolerances to different limiting
factors.

Simultaneous tolerance to shade and drought

Certain species appeared to be tolerant of both
drought and shade (Appendix A), a simultaneous
tolerance that is difficult to understand given the
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PLATE 1.

Many dry, Mediterranean forests such as this one in Alto Tajo Natural Park (central Spain) exhibit a remarkably

poor understory due, at least in part, to the combination of drought and shade coupled with a short growth period imposed by
extreme temperatures. Dominant canopy species are Quercus ilex and Pinus nigra, and the woody flora in shaded and dry sites is
represented only by scattered individuals of Arctostaphylos uva-ursi and Buxus sempervirens. Photo credit: F. Valladares.

conflicting requirements for efficient light capture (large
leaf area, enhanced biomass investment aboveground)
and drought avoidance (low leaf area, enhanced biomass
investment in roots). However, none of the species
tolerant of both shade and drought were very tolerant to
either of these limitations, which indicates that this
trade-off inevitably shaped the observed patterns to at
least some degree. Interestingly, essentially all of the
species tolerant of both shade and drought were those
colonizing relatively warm habitats (minimum winter 7'
> —15°C) extending from the temperate deciduous
forests to warm temperate forests at the transition to
Mediterranean habitats (see Plate 1). This suggests that
the species tolerant of both shade and drought may
require extended growing periods to construct a canopy
that can support high leaf area, even though this leaf
area may be drought stressed during a significant part of

the year. For several East Asian shade-tolerant broad-
leaved evergreens colonizing the understories of decid-
uous canopy trees, daily winter photosynthesis when the
overstory is leafless has been estimated to occasionally
exceed the daily photosynthesis in summer when the
overstory is fully active (Miyazawa and Kikuzawa
2005), further underscoring the importance of extended
growing season in broad-leaved shade-tolerant ever-
greens. Our data set contained 23 broad-leaved ever-
green species such as Arbutus menziesii, Aucuba japonica,
Lithocarpus densiflorus, and Quercus acuta, Q. glauca,
and Q. ilex that were both shade and drought tolerant.
In Sack (2004), the shade-tolerant species included were
broad-leaved evergreens (Buxus sempervirens, Hedera
helix, and Ruscus aculeatus) that are also drought
tolerant, but competitive only in habitats with an
extended growing season. Thus, the noncorrelation
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between shade tolerance and drought tolerance observed
in this study (Sack 2004) relies on the presence of
evergreen broad-leaved species of warmer habitats.

Interestingly, only four gymnosperms, Abies firma,
Calocedrus decurrens, Taxus baccata, and Tsuga siebol-
dii, are both shade and drought tolerant; but again, these
gymnosperms are characteristic of warm temperate or
oceanic temperate forests with extended growing season.
In contrast, other shade-tolerant Abies, Picea, or Tsuga
species that dominate cool temperate forests, where the
length of growing season is similar for deciduous and
evergreen species, are not drought tolerant. This
evidence further underscores the importance of extended
growing season in simultaneous tolerance to shade and
drought. It also confirms the infrequency of polytol-
erance; none of the species in our data set was
simultaneously tolerant to drought, shade, and low
winter temperatures.

Polytolerance: rarity and possible implications

Several species that were moderately tolerant (toler-
ance value >3.0) simultaneously to several environ-
mental factors such as Acer negundo (shade/drought),
Lonicera xylosteum (shade/drought), Prunus padus
(shade/waterlogging), Rhododendron ponticum (shade/
drought), and Tamarix ramosissima (waterlogging/
drought), have been reported as invasive outside their
natural areas (Randall and Marinelli 1996, Mooney and
Hobbs 2000). However, the three plant species in our
study that were simultaneously tolerant to all three
environmental limitations (Amelanchier laevis, Rhodo-
dendron periclymenoides, and Rhododendron viscosum,
with tolerance value for all characteristics >3.0) are
species with very limited invasive potential, suggesting
that polytolerance is not associated with invasiveness.
Besides, the mean tolerance value was 3.0-3.5 for these
species suggesting that polytolerant plants were not very
tolerant to any of these environmental limitations. Being
simultaneously tolerant to several environmental limi-
tations could imply a lack of full adaptation to each
particular limitation.

CONCLUSIONS

Limited and often biased information on species’
ecological potentials and scarcity of comparative in-
formation on species’ ecological potentials on different
continents has hampered the development of general
world-scale vegetation dynamic models. All temperate
forests in the Northern Hemisphere are physiognomi-
cally similar, often sharing species from the same genera
at various stages of succession (Alnus, Betula, Pinus, and
Populus in early-successional forests and Abies, Acer,
Fagus, and Picea in late-successional forests), suggesting
similar performance of temperate forests on different
continents and possibilities for common general patterns
at broad geographical scales.

With a few exceptions, the negative correlations
among shade, drought, and waterlogging tolerance were
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significant for our global data set as well as within each
functional or phylogenetic group considered. These
negative correlations indicate that the number of
possible combinations of ecological potentials in a
species is limited by trade-offs between tolerance to
differing environmental limitations. In fact, and as the
data demonstrate, few species are characterized by
simultaneous tolerance to two environmental factors,
and even fewer are moderately tolerant to three
environmental factors. Although most species com-
monly cope with multiple environmental limitations,
polytolerance has not been frequently achieved during
the evolution of trees and shrubs of the Northern
Hemisphere. The trade-offs among the tolerances to
different limiting factors found here represent a con-
straint for niche differentiation of coexisting species
since they reduce the diversity of plant responses to the
many combinations of irradiance and water supply that
are found in natural ecosystems.
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APPENDIX A

A table showing shade, drought, and waterlogging tolerance for 806 species of woody plants from the temperate Northern

Hemisphere (Ecological Archives M076-020-A1).

APPENDIX B

Additional details on the protocol followed and the original sources used to build the tolerance data set and to standardize the
rankings of tolerance obtained from different sources and for species from different continents (Ecological Archives M076-020-A2).



