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Abstract

Question: Are plant traits more closely correlated with mean annual tempera-
ture, or with mean annual precipitation?

Location: Global.

Methods: We quantified the strength of the relationships between tempera-
ture and precipitation and 21 plant traits from 447,961 species-site combinations
worldwide. We used meta-analysis to provide an overall answer to our
question.

Results: Mean annual temperature was significantly more strongly correlated
with plant traits than was mean annual precipitation.

Conclusions: Our study provides support for some of the assumptions of classi-
cal vegetation theory, and points to many interesting directions for future
research. The relatively low R? values for precipitation might reflect the weak
link between mean annual precipitation and the availability of water to plants.
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Introduction

Our planet supports an astonishing array of plant com-
munities, ranging from arctic tundra through to lush
tropical rain forests, boreal forests, tropical savannas,
deserts, temperate grasslands and tropical dry forests.
Understanding the factors that underlie the dramatic
differences in community structure and composition,
and the ecological strategies employed by the plants
and animals that inhabit these communities, has long
been a goal of ecologists and vegetation scientists
(Schimper & Fisher 1902; Fischer 1960; MacArthur
1972; Schemske et al. 2009).

Our main aim in this research was to provide a quantita-
tive test of the relative importance of mean annual temper-
ature and mean annual precipitation in shaping plant
functional traits. Addressing this question will both
improve our basic understanding of the factors that shape
plant ecological strategies and the distribution of different

vegetation types. Although many studies have included
both rainfall and temperature variables (Reich et al. 1997;
Niinemets 2001; Wright et al. 2004; Ordonez et al. 2010a;
Silva et al. 2010; Sack & Scoffoni 2013), ours is the most
comprehensive quantification to date.

Precipitation and temperature have been two of the
most commonly considered variables in studies of how the
climate shapes plant community distribution and diversity
at the global scale (Whittaker 1970; MacArthur 1972;
Clarke & Gaston 2006). Both ecological (Walter 1994) and
evolutionary (Donoghue 2008) theory suggest that tem-
perature and precipitation are major determinants of plant
traits at a global scale. Temperature affects leaf energy bal-
ance (i.e. the balance of radiative heating and evaporative
cooling, and boundary layer conductance; Lambers 1998;
Harrison et al. 2010), metabolic rate (in a wide range of
taxa, including plants; Gillooly et al. 2001) and plant
growth rate (Went 1953; Rawson 1992), and exposure to
either very high or very low temperatures can damage
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plants (Went 1953). Many ecological traits are known to
be correlated with temperature, including leaf nutrient
content, leaf mass per unit area and leaf life span (Reich &
Oleksyn 2004; Wright et al. 2004), seed mass (Murray
et al. 2004) and wood density (Swenson & Enquist 2007).
There are also strong relationships between plant traits and
mean annual precipitation, both within and across biomes,
particularly for traits related to drought tolerance, such as
leaf venation architecture, osmotic potential, xylem struc-
ture and hydraulic physiology (Maherali et al. 2004; Choat
et al. 2007; Blackman et al. 2010; Freschet et al. 2011;
Bartlett et al. 2012; Sack & Scoffoni 2013).

Of course, mean annual temperature and mean annual
precipitation are not the only factors that affect plant
growth and reproduction, and they do not work indepen-
dently: the effects of temperature might be partly mediated
by its effect on evaporative demand and thereby water
availability. If our aim were to build a model that explained
the maximum amount of variation in plant traits, then we
would include factors such as climate extremes, irradiance,
potential evapotranspiration, climatic variability, soil prop-
erties and interactions between variables. We aim to
address many such questions using these variables in the
near future with our unprecedented trait database. For
now, even though variables like potential evapotranspira-
tion or related measures of aridity would likely have been
strongly correlated with plant traits, the fact that they com-
bine precipitation and temperature means they would not
help to address our question, which is whether mean
annual temperature or mean annual precipitation is most
strongly related to plant traits.

Methods

Twenty-one traits were selected to capture information
about various aspects of plant ecological strategy (traits are
listed in Table 1). Seed mass, seed dispersal syndrome and
possession of clonal structures capture information about a
species’ reproductive strategy (Grime & Jeffrey 1965;
Grime et al. 1981; Grubb & Burslem 1998; Leishman et al.
2000; Aarssen & Jordan 2001; Wright et al. 2010). Specific
leaf area, evergreen/deciduous phenology, photosynthetic
pathway, leaf area, whether leaves are simple or com-
pound, leaf life span and leaf nitrogen, phosphorus and
carbon concentration all influence various aspects of a spe-
cies” carbon budget, growth rate and survival (Givnish
1978; Niinemets & Kull 1994; Niinemets 1998; Poorter &
De Jong 1999; Reich et al. 1999, 2003; Diaz et al. 2004;
Wright et al. 2004, 2010). Presence of spines, specific leaf
area and presence of hairs on leaves can contribute to spe-
cies” defence against damage from both biotic and abiotic
factors (Grubb 1992; McIntyre et al. 1999; Diaz et al.
2001; Hanley et al. 2007). Finally, plant life span, maxi-
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mum plant height, ability to fix atmospheric nitrogen and
growth form capture crucial information about resource
acquisition, competitive ability and life-history strategy
(Falster & Westoby 2005; Pérez-Harguindeguy et al.
2013). Ultimately, these strategies (and underlying traits)
relate to stress tolerance and to regimes of resource avail-
ability and disturbance (Chapin et al. 1993; McIntyre et al.
1999; Weiher et al. 1999; Pérez-Harguindeguy et al.
2013).

Data for most traits were taken from the TRY database
(Kattge et al. 2011), supplemented with data for plant
height and seed mass from previous global compilations. A
list of included TRY data sets is provided in Appendix S1,
and the original publications associated with the data used
are: Shipley (1995); Cornelissen (1996); Bahn et al.
(1999); Hickler (1999); Medlyn et al. (1999); Medlyn &
Jarvis (1999); Niinemets (1999); Pyankov et al. (1999);
Fonseca et al. (2000); Medlyn et al. (2001); Niinemets
(2001); Shipley & Vu (2002); Anand et al. (2003); Corne-
lissen et al. (2003); McDonald et al. (2003); Ogaya &
Penuelas (2003); Pillar & Sosinski (2003); Quested et al.
(2003); Cornelissen et al. (2004); Diaz et al. (2004);
Wright et al. (2004); Bakker et al. (2005); Louault et al.
(2005); Overbeck (2005); Bakker et al. (2006); Cavender-
Bares et al. (2006); Cornwell et al. (2006); Kazakou et al.
(2006); Ogaya & Penuelas (2006); Preston et al. (2006);
Wright et al. (2006); Ackerly & Cornwell (2007); Blanco
et al. (2007); Duarte et al. (2007); Garnier et al. (2007);
Moles et al. (2007); Miller et al. (2007); Ogaya & Penue-
las (2007); Overbeck & Pfadenhauer (2007); Swaine
(2007); Wright et al. (2007); Cornwell et al. (2008); Kley-
er et al. (2008); Kurokawa & Nakashizuka (2008); Ogaya
& Penuelas (2008); Pakeman et al. (2008); Reich et al.
(2008); Royal Botanic Gardens Kew (2008); Sardans et al.
(2008a,b); Shiodera et al. (2008); van Bodegom et al.
(2008); Baker et al. (2009); Cornwell & Ackerly (2009);
Craine et al. (2009); Fortunel et al. (2009); Fyllas et al.
(2009); Kattge et al. (2009); Moles et al. (2009); Pakeman
et al. (2009); Patino et al. (2009); Poorter et al. (2009);
Poorter (2009); Reich et al. (2009); Freschet et al. (2010a,
b); Laughlin et al. (2010); Messier et al. (2010); Ordonez
et al. (2010a,b); Penuelas et al. (2010a,b); Willis et al.
(2010); Wright et al. (2010); Onoda et al. (2011); and
Gutiérrez & Huth (2012).

Because many traits vary across species” ranges (Frenne
et al. 2013), we only used data from these databases if they
were associated with geospatial information (i.e. we did
not apply mean trait values across the distribution of the
species for continuous traits). We also included data for
four additional binary traits; woody vs herbaceous growth
form (a global data set from Zanne et al. 2013) and pres-
ence of clonal reproductive structures, hairs and spines
(data only for Australian species, taken from the Flora of
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Table 1. Relationships between plant traits, mean annual temperature (°C) and mean annual precipitation (mm). The higher R? for each trait is highlighted
in bold. We have included the direction of relationships between each climate variable and each continuous and binary trait, and summarized the results
for categorical variables. A positive slope in a logistic regression (for binary variables) indicates that as temperature or precipitation increases, the state of
the binary is more likely to be 1 [yes] (see Appendix S3 for a visual representation of these relationships). Sample sizes (n) are the number of species-site
combinations, and in parentheses, the number of sites. The sample size sometimes differs slightly between temperature and precipitation analyses
because of small differences in the coverage of climate data that met our quality control criteria between the CRUTEM and GPCC data sets.

Trait Mean annual temperature Mean annual precipitation
R? Direction of n P R? Direction of n P
relationship relationship
Plant height (m) 0.245 + 14 535 (481) <0.001  0.206 + 14 492 (480) <0.001
Leaf area (mm?) 0.184 + 7168 (312) <0.001  0.147 + 7168 (312) <0.001
Seed mass (mg) 0.172 + 10 154 (1296) <0.001 0.080 + 10 154 (1296) <0.001
Leaf life span (months) 0.170 + 753 (55) <0.001 0.287 + 753 (55) <0.001
Spinescence (yes/no) 0.133 — 408 551 (38 281) 0.987  0.004 — 408 543 (38 280) 0.99
Plant life span (years) 0.098 — 729 (317) 0.100 0.174 + 729 (317) <0.001
Leaf Prass (Mg-g ™) 0.069 — 5117 (822) <0.001  0.027 - 5118 (823) <0.001
Specific leaf area (m2~kg4) 0.058 — 10 792 (722) <0.001 0.001 + 10 792 (722) <0.001
Leaf Crass (Mg-g ™) 0.051 + 3351 (400) <0.001 0.136 — 3351 (400) <0.001
Woody/herbaceous 0.042 + 315 271 (37 442)  <0.001 0.002 — 315 233 (37 442)  <0.001
Ability to fix N (yes/no) 0.012 + 446 696 (41 612)  <0.001 0.029 — 446 654 (41 612)  <0.001
Presence of clonal 0.035 -— 413 037 (39 495)  <0.001 0.022 + 413 029 (39 494)  <0.001
structures (yes/no)
Dispersal syndrome (wind, 0.028  Animal> 4381 (461) <0.001 0.016 Animal > wind > 4381 (461) <0.001
unassisted, water, animal) (unassisted, unassisted;
wind, water ns different
water) to any
Evergreen/deciduous 0.020 + 100 725 (23 695)  <0.001 0.00005 + 100 719 (23 694) 0.0947
Leaf Nypas (Mg-g™") 0.016 — 125 70 (1425) <0.001  0.001 + 12 571 (1423) 0.522
Leaf Carea (M) 0.013 — 1996 (272) 0360 00005  — 1996 (272) 0.039
Leaf Nyreq (g2 0.011 — 4871 (434) 0045 00004  — 4871 (434) 0.104
Presence of hairs on mature  0.006  + 362 108 (37 808) 0916 0.003 - 362 101 (37 807)  <0.001
leaves (yes/no)
Photosynthesis (C3/C/CAM)  0.006  (C5, CAM)<C, 10 872 (1920) <0.001  0.011 C3> (C4, CAM) 10 874 (1921) <0.001
Leaf Pyreq (gm™) 0.005 — 2356 (214) 0.005 0.011 - 2356 (214) <0.001
Compound leaves (yes/no) 0.002 + 143 179 (28 144) 0.727  0.0001 - 143 153 (28 143) 0.568

Australia Online 2013), combined with distribution data
from the Atlas of Living Australia (http://www.ala.org.au/).
The data set includes angiosperms, gymnosperms, ferns
and fern allies and bryophytes. Nomenclature was stan-
dardized and the data were extensively error checked
before analysis (details in Appendix S2).

The replicates in the analyses were species—site combi-
nations, where ‘sites” were defined as 0.1° grid squares.
Where we had multiple observations for the same trait for
a species within the same 0.1° grid square, we used the
geometric mean to calculate a single species—site combina-
tion, with the exception of plant height, for which we used
the maximum value. The final data set included 447 961
species—site combinations, including 25 354 species and
41 672 sites (Fig. 1).

Data for mean annual temperature were taken from
the CRUTEM database (Jones et al. 2012) and data for
mean annual precipitation were taken from GPCC

(Schneider et al. 2011). CRUTEM is on a 5° x 5° grid,
and GPCC a 2.5° x 2.5° grid, created by gridding and
weighting algorithms that use all appropriate stations
within each grid cell. These two data sets are widely
used in the climate science community. Stations are
required to meet rigorous quality control checks to be
used in the gridding procedure. Note that the number
and spatial distribution of stations employed differs
between the two products. These resolutions were cho-
sen to avoid problems with the interpolation algorithms
used to generate higher resolution data sets, and to
improve the coverage of our data set, which is particu-
larly important in tropical regions. While temperature
and precipitation vary within grid squares (especially in
mountainous areas where there are rain shadows and
altitudinal temperature gradients), we suspect the over-
all effect is small relative to the global patterns studied
here. Climate data were extracted for a 60-yr period
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Fig. 1. World map showing distribution of the sites included in this study. The inset shows the spread of mean annual temperature and mean annual
precipitation spanned by these sites. The unusually high coverage across Australia is only for three categorical traits: presence/absence of clonal
structures, hairs on leaves and spinescence. Excluding these three traits from analyses did not qualitatively affect our results.

spanning 1951-2010. Each observational data set was
masked to omit ocean data, which are not relevant to
this study. Due to the coarse resolution of the observa-
tional grids, and the fact that some land areas may not
be covered by suitable observational data, search radii
were used. If a specific species’ location did not fall in
a land-based grid box, then a 1000-km search radius
was fitted to find the nearest grid box with appropriate
data. If no data-filled grid box was found using a
1000-km radius, then relationships between that spe-
cific site and observational data set could not be
obtained. Due to the different compositions and resolu-
tions of the climate data sets, not all statistics could be
retrieved for each species location.

For continuous traits, we ran separate linear mixed-
effects models (Venables & Ripley 2002) for temperature
and precipitation, with each model including a fixed effect
for temperature or precipitation, a random effect for site
and a random effect for species. All continuous traits were
log; transformed before analysis. For binary traits, we ran
separate random effects logistic regressions for temperature
and precipitation, with each model including fixed effects
terms for temperature or precipitation, and random effects
for site and species (except for the N-fixation regressions,
which failed to optimise when a random effect for species
was included and were thus run only with a random effect
for site). We included these random effects to account for
the non-independence of species occurring at the same
site, and of multiple records of the same species at different
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sites. Our inclusion of random effects did not qualitatively
affect the results. Models were fitted using restricted maxi-
mum likelihood using the /me4 package in R v 2.14.2 (R
Foundation for Statistical Computing, Vienna, Austria).
The R*-values for mixed models were calculated following
Moles et al. (2011b); using sequential reduction in the
residual sum of squares on addition of each term, adding
the fixed-effects term to the model before the random-
effects terms. We have focused on R*-values rather than P-
values, because we are interested in the strength of the
correlations rather than their significance (and because
even extremely weak relationships can be statistically
significant with very large sample sizes), but P-values are
presented in Table 1 for completeness.

We used meta-analysis to obtain an overall quantifica-
tion of the relative strength of the correlation between
plant traits, precipitation and temperature. A log response
ratio, calculated as In(R* for mean annual temperature/R>
for mean annual precipitation) was calculated for each
plant trait, and the meta-analysis was performed in Meta-
win (Rosenberg et al. 2000). If temperature and precipita-
tion were equally strongly (or weakly) correlated with a
plant trait, then the log response ratio would be zero (In(x/
x) = 0), so the meta-analysis asks whether the mean effect
size is different to zero.

Relationships between climatic variables and plant traits
are not always linear (Porter & Semenov 2005; Poorter
et al. 2010). We therefore performed additional non-linear
analyses on our continuous traits (the best performing of
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which were most often quadratic relationships). We
selected the highest R’*-value for each trait—climate
relationship, and used these in a second ‘best fit" meta-
analysis.

Results

Fifteen of the 21 traits included in this study were more
closely related to mean annual temperature than to mean
annual precipitation (Table 1, Appendix S3). A chi-
squared test confirms that 15/21 is greater than would be
expected by chance alone (x* = 3.857, df=1, P < 0.05).
The six traits that were more closely correlated with rainfall
were: plant life span, leaf life span, leaf C,,q, ability to fix
nitrogen, photosynthetic pathway and leaf P,., (Table 1).

Meta-analysis confirmed that, overall, temperature was
significantly and substantially more strongly correlated
with plant traits than was precipitation (mean effect
size = 1.35, 95% confidence intervals = 0.90-1.81).

The R*-values of the relationships between traits and cli-
mate variables were all below 0.29 (Table 1). The main
reason for these weak correlations is that a substantial pro-
portion of the variation in each trait lies at the within-site
level, and thus cannot be explained by ditferences in cli-
mate between sites. For instance, models including a ran-
dom effect for site but not for species show that 34% of the
variation in maximum plant height, 43% of the variation
in leaf area and 54% of the variation in seed mass lies at
the within site level. A high level of within-site variation is
normal for global-scale analyses of plant traits (e.g. Fres-
chetet al. 2011).

The R*-value of most correlations was higher for non-lin-
ear models than for linear models. However, meta-analysis
using the best-fit (highest) R*-value for each relationship did
not change the overall outcome of our study — temperature
was still significantly more strongly correlated with plant
traits than was precipitation (meta-analysis, mean effect
size = 1.11, 95% confidence intervals 0.65-1.57).

Some traits showed very weak relationships with tem-
perature, precipitation or both (Table 1), and we won-
dered whether our inclusion of low R*-values might have
influenced our results. We therefore performed an addi-
tional meta-analysis that did not include effect sizes based
on R?-values < 0.001. Temperature was still significantly
more strongly correlated with plant traits than was precipi-
tation (meta-analysis, mean effect size = 0.76, 95% confi-
dence intervals = 0.24-1.27).

Finally, we asked whether the inclusion of three binary
traits (possession of clonal reproduction, hairs and spines)
that were dominated by data from Australia might have
influenced our findings. Excluding these traits from the
meta-analysis did not qualitatively affect our results (mean
effect size = 1.32, 95% confidence intervals = 0.82-1.82).
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Discussion

We have quantified the relative importance of two of the
most intensively studied drivers of plant form and function
worldwide, and demonstrated that temperature is more
strongly correlated with plant traits than is precipitation.
Our results are consistent with several previous studies
(Reich & Oleksyn 2004; Swenson & Enquist 2007; van
Ommen Kloeke et al. 2012), but are based on a far larger
primary data set.

Mean annual precipitation was relatively poorly corre-
lated with most of the plant traits investigated here. Mean
annual precipitation is often interpreted as an indicator of
water availability (Qian et al. 2013). However, the link
between precipitation and access to water is often quite
weak, as is apparent if we consider the vegetation in differ-
ent areas of the world with similar levels of precipitation
(e.g. Fig. 2). At the same mean annual precipitation, the
availability of water to plants depends on a suite of factors,
including the seasonal distribution of rainfall, hydrology,
soil depth, soil type (including soil moisture-holding capac-
ity and the soil moisture characteristic curve), access to
groundwater and on temperature, which determines both
whether the precipitation falls as rain or snow and the

(a)

Fig. 2. Ecosystems with similar levels of annual precipitation: (a) Abisko,

northern Sweden, which has a mean annual precipitation of 300 mm-yr~',

and (b) Round Hill, western New South Wales, Australia, which has a mean
annual precipitation of 389 mm-yr~" (photos taken by Angela Moles and
lan Wright).
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level of evaporative demand (Gardner 1965; Stephenson
1998; Decker et al. 2013). Global variation in any or all of
these factors will work to weaken the relationship between
mean annual precipitation and plant traits.

The idea that mean annual precipitation may be a poor
proxy of the availability of water for plants is certainly not
new. Indices of aridity, evapotranspiration and water avail-
ability have been used in many ecological studies (Reich
et al. 1999; Wright et al. 2004; Poorter et al. 2010; Douma
et al. 2012; van Ommen Kloeke et al. 2012), and the com-
bined use of temperature and precipitation to understand
the distribution of different vegetation types goes back
many decades (e.g. in the Koppen—Geiger climate classifi-
cation system, originally formulated in 1884, and in Hold-
ridge’s life zones, Holdridge 1947). Several plant traits,
particularly those related to drought tolerance, show stron-
ger relationships with climate variables that combine rain-
fall and temperature data, such as potential
evapotranspiration and aridity indices (Bartlett et al. 2012;
Griffiths et al. 2013). Despite this, many ecologists still rely
quite heavily on mean annual precipitation data. Of the 30
papers published in Global Ecology and Biogeography
between June and October 2013 that included climate
variables and were not focused on aquatic systems, the
most commonly included variables were mean annual
temperature (17 studies) and mean annual precipitation
(17 studies). Twenty-eight of these 30 studies included at
least one measure of temperature, 24 included at least one
measure of precipitation, but only eight included a mea-
sure of soil water availability. Precipitation data are cer-
tainly easier to obtain than are data for water availability,
but ecologists might need to reconsider whether precipita-
tion really is a good enough proxy for their purposes (Hic-
kler et al. 2009; Bartholomeus et al. 2011, 2012).

Even though precipitation is less strongly correlated
with plant traits than is temperature, it can still play a key
role in shaping plant growth. For instance, the sensitivity
of atmospheric carbon dioxide growth rate to inter-annual
variability in temperature is higher when tropical land
regions experience drier conditions, suggesting that the
sensitivity of atmospheric carbon dioxide growth rate to
inter-annual temperature variation is regulated by mois-
ture despite the weak direct correlation with tropical pre-
cipitation (Wang et al. 2014).

Mean annual temperature was more strongly correlated
with plant traits than was mean annual precipitation.
However, mean annual temperature is not a perfect
variable either. In many parts of the world, particularly at
high latitudes, extreme variation in temperature between
warm summers and freezing winters means that the eco-
systems may spend relatively little time at their mean tem-
perature. The temperature during the times of the year
when plants are not growing may have less impact on
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plant traits than temperatures during the growing season
(Moles et al. 2009). Local factors, such as the aspect of
slopes, microclimatic variation and abrupt differences in
elevation, are also expected to lead global analyses such as
ours to underestimate the true importance of temperature
for plants. The different ecological strategies of plants may
also act to weaken the overall relationship between traits
and temperature. For instance, some species respond to
short growing seasons (which are often associated with
low mean annual temperatures) through a stress-avoid-
ance strategy (e.g. deciduous species with short-lived
leaves and high photosynthetic capacities), while other
species take a stress-tolerance strategy (e.g. evergreen spe-
cies such as the conifers in boreal forests). These different
strategies could act to weaken the overall relationship
between traits and mean annual temperature (as found in
Wright et al. 2005; Kikuzawa et al. 2013).

Given the imperfections of both mean annual tempera-
ture and mean annual precipitation, the potential for
unmeasured factors to weaken relationships, and the fact
that one-third to one half of the global variation in many
plant traits lies at the within-site level (and thus cannot be
explained by broad climate variables), the R*-values for
the correlations between mean annual precipitation and
mean annual temperature are actually surprisingly high
for many traits (Table 1).

Our analysis shows strong differences among traits in
their association with mean annual temperature and
mean annual precipitation at a global scale. Some traits
(e.g. plant height, leaf area and leaf life span) have rela-
tively strong correlations with both temperature and
precipitation. Other traits, including possession of
compound leaves and presence of hairs on leaves, have
R*-values <0.01 in both analyses. This suggests a stronger
control of climate on some traits compared to others.
Some traits differ substantially in the strength of their
relationship with temperature vs precipitation. For exam-
ple, photosynthetic pathway, which is related to drought
tolerance, was more strongly related to precipitation than
to temperature (Table 1). Similarly strong correlations
with mean annual precipitation have been previously
shown for stem xylem hydraulic vulnerability (Maherali
et al. 2004), for leaf osmotic potential at full turgor and
turgor loss point (Bartlett et al. 2012), and for leaf major
and minor vein density (Sack & Scoffoni 2013).

Our demonstration that temperature is more strongly
correlated with plant traits than is precipitation has rele-
vance to several theories about global patterns in diversity,
species” distribution and abundance, traits of plants and
animals and plant-animal interactions. Many of these
ideas are underpinned by the idea that the climate in tropi-
cal ecosystems is more benign and more stable. For
instance, one of the leading hypotheses about the latitudi-

Doi: 10.1111/jvs.12190 © 2014 International Association for Vegetation Science 7



Plant traits, temperature, and precipitation

nal gradient in biodiversity began from ideas in MacAr-
thur’s classic book Geographical Ecology (1972). This theory
postulates that the greater climatic stability and lower sea-
sonality of tropical systems leads to higher population sta-
bility. This stability enables populations to specialize and
exploit narrower niches, which allows for a higher diver-
sity of co-existing species in tropical ecosystems. Another
widely held idea is that the stable, more amenable climate
of the tropics leads to populations of animals and plants
that interact year-round without being set back by harsh
winters. According to theory, this allows for more intense
interactions between plants and animals (such as increased
herbivory and seed predation), which in turn leads to
higher rates of specialization in tropical systems, and
higher levels of defences against predators (Schemske
et al. 2009; but see Moles et al. 2011a; Onoda et al. 2011;
Schleuning et al. 2012). Although the increased stability
of tropical climates is very widely accepted, the data only
partially support this idea. While tropical ecosystems are
not exposed to harsh winters, many tropical ecosystems
(both savannas and forests) experience substantial season-
ality in the form of dry and wet seasons. As noted by Mac-
Arthur (p. 201; MacArthur 1972) and quantified by
Vazquez & Stevens (2004), the tropics have substantially
lower variability in temperature, but substantially higher
variability in precipitation than do temperate and high-lat-
itude regions. Vazquez & Stevens (2004) concluded that
unless we are prepared to argue that precipitation is less
important than temperature, we must abandon the idea
that the tropics are more climatically stable than are eco-
systems at higher latitudes.

Our study provides the first general evidence that pre-
cipitation is in fact less closely related to a range of crucial
plant traits than is temperature, thus providing some sup-
port for traditional theories about how latitudinal gradients
shape biology (MacArthur 1972; Schemske et al. 2009).
To fully resolve this issue, we would need to quantify the
relative importance of the seasonality in temperature and
precipitation in shaping plant traits. This is beyond the
scope of the present study, but we will use our data set to
address this question in the near future.

An interesting possibility is that the high levels of
precipitation seasonality in the tropics (Vazquez & Ste-
vens 2004) might not always translate into high vari-
ability in water availability for tropical plants. Many
plant species have surprisingly deep root systems, with
the current record held by the 68-m deep roots of Bos-
cia albitrunca (Burch.) Gilg & Benedict , a tree growing
in the Kalahari (Canadell et al. 1996). Deep roots allow
many plants to access groundwater, and thus maintain
photosynthesis and green canopies even through sus-
tained dry periods (Nepstad et al. 1994; Decker et al.
2013). Quantifying the actual variability in water avail-
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ability to plants across the latitudinal gradient is a very
important goal for the future, but a global quantifica-
tion of a variable so heavily impacted by local processes
is currently constrained by the lack of available data
sets at the requisite level of detail.

The increasing availability of global-scale data sets for a
wide range of plant traits, combined with our ever-improv-
ing knowledge of global scale patterns in environmental
factors (including vegetation, climate and soil properties)
and exponential growth in analytical power, means that
we are at an exciting point in ecology. Many of our most
influential theories were put forward in the 1960s and
1970s (MacArthur & Wilson 1963; Janzen 1970; Pianka
1970; MacArthur 1972; Connell 1978), often before the
data necessary to test their predictions were available. Now
is the time to determine which of the theories that under-
pin present-day ecology are consistent with empirical data,
and which need attention.
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Appendix 1: List of TRY datasets used.

TRY Database File
No.

Reference(s)

1

(Wright et al. 2004; Wright et al. 2006)

3 (Quested et al. 2003; Cornelissen et al. 2004)

4 (Cornelissen et al. 2004)

6 (Cornelissen 1996; Cornelissen et al. 2003)

15 (Craine et al. 2009)

16 (Cornelissen et al. 2003)

26 (Shipley & Vu 2002)

29 (Pyankov et al. 1999)

32 (Shipley 1995)

35 (Kazakou et al. 2006)

49 (Swaine 2007)

53, 56, 60, 62 (Kleyer et al. 2008)

63 (Cavender-Bares et al. 2006)

64, 65, 66, 69 (Diaz et al. 2004)

70 (Kurokawa & Nakashizuka 2008)

72 (Garnier et al. 2007; Pakeman et al. 2008; Fortunel et al. 2009;
Pakeman et al. 2009)

73 (Niinemets 1999, 2001)

75 (Cornwell et al. 2006; Preston et al. 2006; Ackerly & Cornwell 2007;
Cornwell & Ackerly 2009)

89 (Kattge et al. 2009)

136 (van Bodegom et al. 2008)

138 (Bakker et al. 2006)

139 (Bakker et al. 2005)

140 (Baker et al. 2009; Fyllas et al. 2009; Patifo et al. 2009)

141 (Medlyn et al. 1999; Medlyn & Jarvis 1999; Medlyn et al. 2001)

151 (Wright et al. 2007)

157 (Fonseca et al. 2000; McDonald et al. 2003)

164 (Willis et al. 2010)

165, 213 (Reich et al. 2009)

189 (Poorter 2009)

190 (Pillar & Sosinski 2003; Overbeck 2005; Blanco et al. 2007; Duarte et
al. 2007; Miiller et al. 2007; Overbeck & Pfadenhauer 2007)

195 (Bahn et al. 1999)

197 (Louault et al. 2005)

204, 205 (Ogaya & Petiuelas 2003; Ogaya & Penuelas 2006; Ogaya & Pefiuelas
2007, 2008; Sardans et al. 2008a; Sardans et al. 2008b)

209 (Ordofiez et al. 2010a; Ordofiez et al. 2010b)

212 (Laughlin et al. 2010)

214 (Poorter et al. 2009)

215 (Reich et al. 2008)

223 (Shiodera et al. 2008)

227 (Freschet et al. 2010a, b)

228 (Hickler 1999)

229 (Messier et al. 2010)




232 (Cornwell et al. 2008)

233 (Penuelas et al. 2010a; Pefiuelas et al. 2010b)
243,266 (Wright et al. 2010)

244 (Anand et al. 2003)

257 (Gutiérrez & Huth 2012)

267 (Onoda et al. 2011)

Other TRY datasets used for which there are no references: 24, 33, 38, 152, 153, 154, 156,
158,167,170, 186, 187, 203, 216, 222, 224, 225, 268, and 273.
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