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Abstract: Condensed tannins (CT’s) are a dominant class of plant secondary metabolites that play important roles in
regulating ecosystem processes such as herbivory, decomposition, and nutrient cycling. However, the factors shaping the
global distribution pattern of the abundance of CT’s in tree leaves are still poorly understood. The purpose of this study
was to assess the global distribution pattern of CT abundance in tree leaves in order to examine the effects of climatic
parameters (air temperature and precipitation) and latitude as well as the effects of methodologies used for the
measurement of CT concentration (extract solutions and standard substance). Through a database search, we collected 805
individual values of CT concentration in tree leaves from 72 study sites, which were reported in 26 individual studies as
well as mean annual temperature, annual precipitation, and latitude. We also collected the information of extract solution
and standard substance if available. We found that mean annual temperature positively correlated with the foliar CT
abundance. On the other hand, annual precipitation and latitude did not have significant influences on CT abundance. We
did not find significant effects of the extract solution and standard substance on the CT abundance, neither. A higher
allocation of carbon to CT’s may be advantageous in warmer regions, where the potential herbivore pressure may be
relatively higher than that in cooler regions; however, this hypothesis could not be directly tested in this study. Our
finding that foliar CT abundance is significantly associated with mean annual temperature supports the ‘classical’ picture
of the stronger plant defenses in warmer climates. A comprehensive empirical comparison using standardized methods is
still required to improve our understanding of CT abundance in tree leaves and the mechanism of ecosystem processes.
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INTRODUCTION

Condensed tannins (CT’s) are a dominant class of plant
secondary metabolites that play important roles in regulating
ecosystem processes such as herbivory, decomposition, and
nutrient cycling. For instance, earlier studies indicated that a
higher concentration of foliar CT’s reduces the damage from
herbivores (Forkner et al. 2004; Feeny 1970). Additionally,
CT’s can retard the nitrogen mineralization rate by forming a
recalcitrant complex with proteins, which in turn affects
nitrogen acquisition in plants (Northup et al. 1995; Northup
et al. 1998; Ushio et al. 2009). The effects of CT’s on the
processes of herbivory and decomposition are attributable to
the biochemical properties of CT’s. CT molecules have
many hydroxyl functional groups, which can form hydrogen
bonds with the carbonyl functional groups present in proteins
(Hagerman and Butler 1981). This protein-precipitation
ability of CT’s inhibits the activities of proteolytic enzymes
and retards the rate of nitrogen mineralization and/or
digestion processes in the herbivore guts (Kraus ef al. 2003).
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Furthermore, the antioxidative activity of CT’s also retard
the degradation processes by protecting substrates from
oxidative damage during digestion (Hagerman ef al. 1998).
These retardations consequently regulate the rate of herbi-
vory and nutrient cycling. Therefore, the measurement of
foliar CT abundance and the factors that influence this value
would provide insights into the understanding of ecosystem
processes.

On the one hand, at a local spatial scale, the foliar CT
concentration varies widely depending on plant species,
developmental stage of plants, and soil nutrient availability.
Earlier studies indicated that plants growing on infertile soil
(i.e., in soils with a low concentration of available nutrients
and/or acidic soil) contained a higher concentration of foliar
CT’s than plants growing on fertile soil. For example,
McKey et al. (1978) investigated the CT abundance in tree
leaves in two African forests with contrasting soil nutrient
availability. They found that CT abundance in tree leaf
tissues was higher in the forest with nutrient-poor soil than in
the forest with nutrient-rich soil. Theoretical and conceptual
studies have proposed explanations and justification for this
distribution pattern (e.g., Bryant et al. 1983; Coley et al.
1985), and the idea that plants growing on nutrient-poor soils
generally contain a larger amount of foliar CT’s than those
growing on nutrient-rich soils has been commonly accepted
by ecologists.
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On the other hand, at the regional scale, researchers
predicted that CT abundance increased with increasing air
temperature or decreasing latitude. This prediction is based
on the following two points: First, damage by herbivores can
be reduced in plants with a higher concentration of foliar
CT’s (Forkner et al. 2004; Feeny 1970). Second, the her-
bivore pressure could increase with increasing air tem-
perature or decreasing latitude (Coley and Aide 1991).
Therefore, a higher concentration of foliar CT’s could be an
adaptive trait of plants growing under a high temperature
condition, where potential herbivore pressure is high. A few
other studies have investigated the latitudinal pattern of the
foliar CT abundance. Coley & Aide (1991) and Coley &
Barone (1996) also suggested that both plant allocation to
defensive substances and herbivore pressure could be higher
in tropical regions than in temperate regions. Higher air
temperature could enhance the herbivore activity, which
could result in the higher herbivore pressure in tropical
regions. These studies suggest that CT abundance increases
with increasing temperature even at a global scale.

However, due to the lack of global-scale assessment
studies, the factors shaping the global distribution pattern of
CT abundance are still poorly understood. The lack of such
studies appears to be due to the following reasons: The first
and most obvious reason is that collecting leaf samples on a
global scale would be an enormously time- and effort-con-
suming enterprise. This problem can be solved by collecting
values of foliar CT abundance for different regions from the
published literature. The second reason is that although a
considerable amount of data on the foliar CT abundance has
been collected, variations in sample processing conditions
and measurement methodology prevents the compilation and
analyses of the data. For example, the acid-butanol assay
(Porter ef al. 1986) is the most commonly used technique for
the estimation of CT concentration, but there are other alter-
native methods. Standard tannins that are used to develop
standard curves for calibration also vary. Furthermore,
different extract solutions are used for tannin extraction from
leaf samples. These variations in the extraction methodo-
logies are suggested to influence the quantification of CT’s
in leaf samples (Cork and Krockenberger 1991). Thus, the
abovementioned factors should be given significant consi-
deration while studying the global distribution pattern of CT
abundance.

The purpose of this study was to illustrate the global
distribution pattern of CT abundance and examine the cli-
matic factors (air temperature and precipitation) and latitude
influencing CT abundance at the global scale. We especially
focused on CT’s in tree leaves, because trees are the major
component of global terrestrial vegetation, and because
focusing on one life form (i.e. trees) enables us to compare
different studies more easily. To this end, we collected the
values of CT concentration from the published literature.
Our specific hypothesis was that CT concentration increases
with increasing air temperature, and therefore, CT’s in leaves
should be found at higher concentrations in low-latitude
regions. As our secondary objective, we briefly explore the
effects of methodologies (i.e., extract solution and standard
substance) on CT concentration.
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METHODS
Literature Search

Our database was compiled by conducting keyword
searches using SCOPUS (Elsevier) (Norris and Oppenheim
2007). Combinations of the following key words were used
for the database search: “condensed tannins,” “herbivory,”
“decomposition,” and “leaves”. With this search, more than
100 publications were retrieved. Among these 100 studies,
each study to be included in the analysis had to satisfy the
following criteria: (1) The CT concentration was evaluated
by acid-butanol assay (Porter et al 1986). (2) The CT
concentration was measured in mature leaves of mature trees
growing under natural conditions and in growing season. If
the CT concentrations were measured for leaves grown
under experimental conditions, the study was excluded from
our dataset. The acid-butanol assay was chosen because the
majority of studies which examined CT concentration used
this method. Our data set contains both deciduous trees and
evergreen trees.

We collected the following three datasets to accomplish
our study objectives. (1) The data on the CT concentration
was obtained to determine the global distribution pattern of
CT’s. The CT concentrations were collected from figures
and/or tables in the previous literatures. If only the means of
the CT concentrations were reported in the literature, we
collected the mean CT concentrations. (2) The data on mean
annual temperature, annual precipitation, and latitude were
collected to examine the relationships between climatic
dataset and the CT concentration. When climatic data and/or
latitude data were not available from the publication, we
contacted authors, or obtained the data from websites
(climatic data, International Water Management Institute
[http://wcatlas.iwmi.org/default.asp]; latitude data, Google
earth [Google, USA]). (3) The data on chemicals used as
extracting solutions for acid-butanol assay and the data on
standard substances used for calibrating the CT concen-
tration were collected to examine the dependence of metho-
dologies on the quantification of CT concentration. These
methodologies have been suggested to influence the
estimation of CT concentrations. (Cork and Krockenberger
1991). By performing the database search as described
above, we obtained 805 individual values of CT concen-
tration from 72 study sites reported by 26 individual studies
(Table S1 and Fig. 1).

Statistical Analysis

We explored the best model to describe the relationship
between CT abundance and mean annual temperature,
annual precipitation, and latitude. Because the relationship
between CT abundance and the variables seems not to be
linear (i.e. we did not have a priori hypothesis about the
shapes of functions of the variable effects), and because
variation of CT abundance depends on a study site, additive
model or additive mixed model were chosen for our current
data set. We set seven possible formulae that could explain
the relationship between CT abundance and the parameters,
those were (1) CT ~ s(mean annual temperature), (2) CT ~
s(annual precipitation), (3) CT ~ s(absolute latitude), (4) CT
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Fig. (1). Study sites included in our dataset. Each gray point indicates a study site from where the data was collected.

~ s(mean annual temperature) + s(annual precipitation), (5)
CT ~ s(mean annual temperature) + s(absolute latitude), (6)
CT ~ s(annual precipitation) + s(absolute latitude), (7) CT ~
s(mean annual temperature) + s(annual precipitation) +
s(absolute latitude). Smoothing curve is applied for a term
enclosed by s( ). Interaction terms were not considered
because we did not have a specific hypothesis that explains
the interaction among mean annual temperature, annual
precipitation, and latitude.

By using the above seven formulae, we tried three
statistical models, these being the additive model, additive
mixed model including random effects of study site (i.e.
random intercept for each site), and additive mixed model
including random effects of study site (i.e. random intercept
for each site) and random variation for each study site. We
also tried a linear mixed model (assuming linear relationship
between CT concentration and the parameters), but only the
results of the additive models are presented here in the main
text because Akaike’s Information Criterion (AIC) of the
linear models were higher than those of additive models
(Table S2). AIC of the additive models with different for-
mulae were compared to select the best model to describe the
relationship between mean annual temperature, annual
precipitation, and latitude. The additive models were
performed by using ‘mgcv’ package of R (Wood 2004). To
test the dependence of CT abundance on methodologies (i.e.
extract solution and standard substance for developing
calibration curve), we took the residuals of the best model,
and examined the effects of the methodologies on the
residuals by Kruskal-wallis test. This approach enabled us to
test the methodological dependence on CT abundance,
excluding the effects of mean annual temperature, annual
precipitation, and latitude. All statistical analyses were per-
formed by using a free statistical software R (R Deve-
lopment Core Team 2009).

RESULTS
Model Selection

The formula considering mean annual temperature,
annual precipitation, and latitude with random effects of

study site and random variation for study site had the lowest
AIC among the examined models (Table 1). Generally, AIC
decreased in the following order: additive model > additive
mixed model with random effects of study site > additive
mixed model with random effects of study site and random
variation for study site (Table 1). The formulae that con-
sidered mean annual temperature, annual precipitation, and
latitude were always the best model within a particular
statistical model. Based on AIC, CT ~ s(mean annual tempe-
rature) + s(annual precipitation) + s(absolute latitude) is the
best model to explain CT abundance in our data set.

Table 1. AIC of the Seven Different Model Formulae with
Three Additive Models
‘s Additive
Additive | Additive mixed model
Model structure mixed model .
model . (random-~site,
(random-~site) . .
variance~site)
CT ~ s(MAT) 9532.886 9280.392 8535.373
CT ~ s(Precipitation) 9499.654 9282.841 8538.768
CT ~ s(absLAT) 9505.803 9279.767 8537.717
CT ~s(MAT) + 9434.545 | 9274267 8529.780
s(Precipitation)
CT ~ s(MAT) +
s(absLAT) 9424 .985 9271.402 8528.649
CT ~ s(Precipitation) +
s(absLAT) 9415.849 9276.150 8533.648
CT ~ s(MAT) +
s(Precipitation) + 9386.213 9266.654 8523.942
s(absLAT)

Bold values indicate the lowest AIC within each column. Mean annual temperature,
annual precipitation, and absolute latitude are abbreviated as MAT, Precipitation, and
absLAT, respectively.

Effects of Climatic Properties, Latitude, and Methodo-
logies on the Foliar CT Abundance

Mean annual temperature significantly and positively
affected CT abundance (Figs. 2a and 3a). On the contrary,
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Fig. (2). The relationships between the concentration of CT’s versus climatic parameters and latitude. The concentration of CT’s versus
mean annual temperature (a), annual precipitation (b), and latitude (c¢). Light gray circles indicate all data points in our data set. Red solid
lines indicate the predicted values estimated from the additive mixed model of formula: CT ~ s(mean annual temperature) + s(annual
precipitation) + s(latitude). Red dashed lines indicate 95% confidential intervals. Random effect and variation are assumed for each study site

(see detail in Methods).

annual precipitation and latitude did not have significant
effects on CT abundance (Figs. 2b, ¢ and 3b, ¢). The varia-
tions in CT abundance were large, and different among study
sites (Fig. 2). The overall range of foliar CT concentrations
was wide, ranging from 0-660 mg g (Fig. 2).

We briefly explored the effects of the methodologies on
CT abundance by examining the residual pattern of the best
model. Although previous studies indicated that different
methodologies result in different quantification results of
CT, we did not find any clear evidence that standard
substance nor extract solution affected CT abundance if we
had taken the effects of mean annual temperature, annual
precipitation, and latitude into account (Fig. S1, Kruskal-
wallis test, P > 0.05).

DISCUSSION

Although the data on the CT abundance in tree leaves
provides insights into ecosystem processes, such as herbi-

vory and decomposition, there have been few investigational
studies on CT abundance at the global scale. In this study,
we find evidence that mean annual temperature has signi-
ficant influences on CT abundance at the global scale.

Effects of Climatic Conditions and Latitude on CT
Abundance

Mean annual temperature was significantly and posi-
tively correlated with CT values (Figs. 2a and 3a). Some
previous studies have also found CT abundance to be higher
in a warmer region than in a cooler region (Coley and
Barone 1996; Hallam and Read 2006). Our study indicated
that this trend could be true even at the global scale. In
warmer regions, plants are likely to achieve higher photo-
synthetic activity than those in colder regions (Farquhar
et al. 1980). Thus, the plants may be able to allocate more
carbon to carbon-based defensive substances such as CT’s.
Furthermore, some classic studies have indicated that
potential herbivore pressure could be higher in warmer
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Fig. (3). Estimated effects of climatic parameters on the concentration of CT’s. Effects of mean annual temperature (a), annual precipitation
(b), and latitude (c) on the concentration of CT’s. Solid lines indicate estimated effects of the climatic parameters. Dashed lines indicate 95%

confidential lines.
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regions than in colder regions (Coley and Barone 1996).
Therefore, a higher allocation to defensive substances may
be advantageous for plants growing in the warmer regions.
However, some other studies did not find clear relationships
between CT abundance and air temperature or latitude (Stark
et al. 2008). Adams et al. (2009a) also showed only limited
latitudinal trends in the concentrations of CT’s, or other
defensive compounds. Therefore, in order to conclude that
CT abundance increases precisely with increasing air
temperature, more extensive research is needed.

Though we found a significant positive relationship
between mean annual temperature and CT abundance, we
could still find a very low or zero abundance of foliar CT
even in the warmer regions where the potential herbivore
pressure can be high. One possible explanation is that plants
often have other defensive strategies than direct carbon-
based defense such as CT’s. For example, tropical plants
with a higher intensity of ant-defense (i.e., ant plants)
contain a lesser amount of the direct defensive substrate than
those with a lower intensity of ant-defense (Itioka 2005).
These variations in plant anti-herbivore defense may
contribute to our findings that some plant species did not
contain foliar CT’s, even in the tropical regions. Extract
solutions and standard substance did not have significant
influence on the quantification of the CT abundance if we
had taken the effects of mean annual temperature, annual
precipitation, and latitude into account, although previous
research found that some methodologies have effects on the
quantification of the CT abundance (Cork and
Krockenberger 1991).
Unconsidered  Factors and Problems in the
Quantification of CT’s

Our results showed that CT abundance is influenced by
mean annual temperature, but not by annual precipitation and
latitude. However, before concluding that air temperature
significantly influences the CT abundance in tree leaves at
the global scale, we have to consider some other factors that
possibly impact on the CT abundance. The literature on CT’s
seldom included all tree species occurring within a study
site, and the relative abundance of each tree species was also
seldom provided. Therefore, it is hard to know the ‘real’
representative mean CT concentration in a unit area of the
site because the mean value of the site CT’s should be
provided by calculating CT abundance of each species
standardized to the species relative abundance to account for
different proportions of the flora in the site (Oates et al.
1990). In addition, we did not test phylogenic effects of plant
species on CT abundance, and this might be worth
considering as a factor to explain CT abundance.

Other methodologies or sampling designs could also
affect the quantification of CT’s. Namely, the drying pro-
cedure (Cork and Krockenberger 1991), developmental
stages of a leaf (Rehill et al. 2006) and nutrient availability
(McKey et al. 1978) are also known to influence the
concentrations of foliar CT’s. Since foliar CT’s also affect
soil nutrient availability by regulating the soil decomposition
process, the interactions between soil nutrient availability
and foliar CT’s cause important feedback effects (Northup
et al. 1998; Ushio et al. 2009). However, these factors could
not be considered in this study.
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Furthermore, although we discussed that CT’s might
increase partly due to a higher grazing pressure of herbivores
in warmer regions, this idea is now also put in some doubt
by some recent studies. For example, Adams et al. (2009b)
compared leaf damage area between tropical and temperate
regions by using standardized sampling methods and found
that there were no distinct differences in the damage area of
leaves per unit time between these regions. Another study by
the same authors did not find the ‘expected’ clear latitudinal
trend towards more herbivory in warmer climates in North
American forests (Adams and Zhang 2009). Thus, compre-
hensive studies with standardized methods are required to
improve understanding of the relationship between herbivory
and air temperature or latitude.

Conclusions

In conclusion, the findings of this study showed that the
concentration of CT’s in tree leaves was significantly
associated with mean annual temperature, a finding that is
consistent with the conclusions of older studies and the
traditional expectations of theory. However, as some studies
have reported previously, the results can be significantly
affected by methodologies and other experimental designs,
which are not yet standardized. Phylogeny of plant species,
which were not included in our analysis, is also important
factor to be considered. These factors contribute to the lack
of current understanding of the global distribution pattern of
CT’s in tree leaves, which in turn prevents understanding of
ecosystem processes. Comprehensive research with stand-
ardized methods will greatly improve our understanding of
CT abundance in tree leaves and the mechanisms of
ecosystem processes.
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